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Introduction:  The  goal  of  our  study  is  to  analyze  the  mechanism  of  androgen-receptor 
(AR)-mediated  gene  activation  in  androgen-independent  (Al)  prostate  cancer  using 
powerful  new  technologies:  Noninvasive  optical  imaging,  chromatin  immunoprecipitation 
and  immobilized  template  analysis.  Our  model  system  is  a  SCID  mouse  implanted  with 
a  human  prostate  tumor.  The  tumor  mimics  the  natural  transition  of  the  cancer  from  the 
androgen  dependent  (AD)  to  Al  state  upon  castration  of  the  animals.  Our  previous 
studies  have  demonstrated  our  ability  to  track  metastatic  lesions  and  illuminate  prostate 
cancer  using  gene  expression-based  imaging  cassettes  in  combination  with  a  charge 
coupled  device  (CCD)  optical  imaging  system  (refs.  1-5).  Our  current  imaging  cassette 
is  termed  TSTA  or  two-step  transcriptional  activation.  In  TSTA,  a  modified  PSA 
enhancer  is  employed  to  synthesize  GAL4-VP16,  which  activates  luciferase  expression 
to  very  high  levels.  An  emerging  benchmark  of  advanced  prostate  cancer  progression  is 
elevated  mitogen  activated  protein  kinase  (MAPK)  activity  possibly  initiated  by  receptor 
tyrosine  kinase  (RTK)  signaling  (Figure  1)(Reviewed  in  refs  6-8).  This  directly  or 
indirectly  leads  to  augmented  transcription  complex  assembly  and  expression  of  AR- 
regulated  genes  in  vivo.  The  mechanism  of  this  effect  is  largely  unknown  but  probably 
underlies  the  development  of  Al  cancer.  Our  hypothesis  is  that  the  MAPK  signaling 
induces  modifications  of  AR  function  that  permit  AR  to  act  in  a  ligand-depleted 
environment.  Our  goals  was  to  develop  a  prostate  cancer  imaging  system  to  detect 
augmented  MAPK  activity  in  prostate  tumors  of  living  animals  and  correlate  it  with 


enhanced  AR  function. 


Figure  1  AR-mediated  prostate 
cancer  growth:  A  diagram  of 
proposed  mechanisms  for  AR- 
regulated  gene  expression  and 
cell  growth.  In  pathway  1,  DHT 
binds  AR,  causing  dissociation  of 
HSP  chaperones,  dimerization, 
nuclear  localization,  transcription 
complex  assembly,  gene 
activation  and  cell  proliferation.  In 
pathway  2,  Receptor  tyrosine 
kinase  (RTK)-linked  MAPK 
cascades  converge  at  ERK, 
which  activates  Elk-1  and 
possibly  some  components  of  the 
AR  transcription  complex.  This 
allows  growth  of  prostate  cancer 
at  castrate  levels  of  ligand.  An 
alternative  pathway  is  that 
MAPKs  facilitate  response  to 
castrate  levels  of  ligand  by  acting 
on  the  chaperone  complex  and 
the  nuclear  localization  of  AR. 
Finally,  pathway  3  illustrates  a 
non-genotropic  mechanism  by 
which  AR  activates  the  MAPK 
pathway  directly 


4 


Statement  of  Work  and  Results 

Task  1:  Develop  the  MAPK-TSTA  expression  system. 

The  initial  goal  of  the  study  was  to  develop  an  imaging  system  that  could  detect 
elevated  MAPK  levels  during  the  transition  between  the  androgen  dependent  and 
independent  forms  of  prostate  cancer.  The  basic  hypothesis  as  stated  in  Figure  1  is  that 
elevated  MAPK  facilitates  the  conversion  to  the  Al  state.  To  test  the  idea  that  MAPK  is 
elevated  in  Al  cancer  we  developed  a  plasmid-based  imaging  system  based  on  a 
concept  being  developed  in  the  lab  termed  two  step  transcriptional  activation  or  TSTA. 

In  the  TSTA  system  (refs.  2-5)  we  use  an  androgen  receptor  (AR)-responsive 
prostate  specific  antigen  (PSA)  enhancer  to  drive  GAL4-VP16.  GAL4-VP16  is  a  potent 
transcriptional  activator  and  binds  to  GAL4  recognition  sites  upstream  of  a  Firefly 
luciferase  reporter  gene.  When  AR  is  active  then  GAL4-VP16  is  synthesized,  binds 
DNA,  and  luciferase  is  expressed.  The  amount  of  luciferase  is  proportional  to  the 
amount  of  AR  activity  in  the  cell.  We  measure  luciferase  in  cell  culture  by  adding  D- 
luciferin  and  ATP  to  cell  extracts  and  light  is  quantitated  using  standard  luminometry.  In 
live  animals  we  inject  D-luciferin  into  the  animal  and  detect  luciferase  activity  using  a 
charge  coupled  device  camera,  which  quantifies  the  photons  emitted  from  tissues 
expressing  luciferase  in  the  live  animal.  The  process  is  not  toxic  and  animals  can  be 
imaged  repetitively  over  weeks  or  months.  The  system  is  described  in  several  previous 
publications  from  my  lab  with  my  collaborators,  Drs.  Sam  Gambhir  and  Lily  Wu  (refs.  2- 
6). 


Enhancer 


PSA 

Promoter 


Promoter 

h  ..a 


Effector 


GAL4-VP16 
fusion  protein 


GAL4  sites 


Reporter 


E4TATA 

Figure  2.  The  rationale  of  Two  Step  Transcription  Activation  (TSTA)  system.  In  the  first  step,  the 
“effector”  GAL4-VP16  derivatives  (oval  circles)  are  expressed  in  prostate  cancer  cells  in  the  presence 
of  androgen  (R1881),  which  activates  the  PSA  enhancer,  PSE.  In  the  second  step,  GAL4-VP16  binds 
to  a  GAL4-responsive  promoter,  and  activates  expression  of  the  “reporter”  firefly  luciferase.  GAL4: 
GAL4  DNA  Binding  Domain.  VP16:  VP16  activation  domain.  E4TATA  contains  the  adenovirus  E4 
minimal  promoter. 
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The  most  recent  publications  were  supported  by  the  DOD  award  as  they  involved 
a  combination  of  optimizing  the  TSTA  system  for  use  in  animals  and  comparison  of  AR 
activity  in  AD  and  Al  prostate  tumors. 

Figure  3.  The  optimal  TSTA 
system  in  a  single  construct 

This  figure  illustrates  the 
construct  containing  the  optimal 
TSTA  combination  in  a  “head-to- 
head”  orientation.  There  are  four 
cassettes.  1.  The  tissue  specific 
promoter  cassette  currently 
containing  PBC.  2.  The  GAL4 
activator  cassette  currently 
containing  GAL4-VP2;  3.  The 
GAL4  site  cassette  currently 
containing  G5;  and  4.  The 
reporter  gene  cassette  bearing 
FLuc.  Each  casette  is  flanked  by 
unique  restriction  endonuclease 
sites  for  swapping  the  different 
components  and  the  entire  TSTA 
module  can  be  removed  by  Notl- 
Sall  digestion  for  insertion  into 
AdEasy. 

The  studies  involved  creating  a  single  plasmid  that  contained  the  optimal  TSTA 
system.  In  the  optimal  system  we  duplicated  the  PSA  enhancer  to  augment  the  amount 
of  GAL4-VP16  synthesized  in  the  presence  of  AR.  We  also  duplicated  the  VP16 
activation  domain  to  create  GAL4-VP2.  This  is  a  more  potent  activator  than  GAL4-VP16 
and  leads  to  higher  levels  of  firefly  luciferase  expression.  The  plasmid  also  contains 
unique  restriction  sites,  which  we  employed  to  generate  the  MAPK-responsive  system 
described  below.  We  then  inserted  the  optimal  TSTA  system  into  an  adenovirus  and 
tested  it  in  cell  culture  and  in  SCID  mice  bearing  AD  and  Al  tumors  of  a  prostate  cancer 
model  termed  LAPC9.  The  studies  are  described  in  the  appended  paper  Zhang  et  al. 
(2003).  In  short,  we  proved  using  molecular  imaging,  chromatin  immunoprecipitation 
and  AR  localization  studies  that  the  AR  pathway  was  fully  functional  in  Al  cancer.  The 
work  is  described  further  below  in  Tasks  5  and  6. 

We  next  modified  TSTA  to  measure  MAPK  activity  after  having  established  the 
activity  of  AR  in  the  original  transcription  based  TSTA  imaging  system.  We  took 
advantage  of  the  fact  that  MAPK  activates  the  transcription  factor  Elk-1  by 
phosphorylation  as  stated  in  Figure  1.  By  replacing  the  VP2  activation  domain  in  the 
plasmid  of  Figure  3  with  the  MAPK-responsive  transcription  activation  domain  of  Elk-1 
we  generated  a  single  plasmid  with  the  GAL4-Elk-1  gene  under  control  of  the  PSA 
enhancer.  This  plasmid  synthesizes  firefly  luciferase  only  when  both  AR  and  MAPK  are 
active  (Figure  4).  Thus  the  amount  of  luciferase  activity  is  related  to  the  activity  of 
MAPK. 
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Figure  4.  The  TSTA-Elk  system.  The  general  scheme  is  the  same  as  in  figure  2  but  GAL4-VP2  is 
replaced  by  GAL4-Elk.  GAL4-Elk  is  only  synthesized  when  AR  and  the  PSA  enhancer  are  active.  GAL4- 
Elk  however  is  only  active  when  MAPK  activity  is  present  in  tumor  cells.  MAPK  phosphorylates  the  Elk 
activation  domain  (yellow  star  and  circle)  allowing  it  to  effect  luciferase  expression. 


This  single  plasmid  TSTA-Elk  system  was  then  employed  the  experiments  described  in 
Tasks  2-4.  We  originally  intended  to  clone  the  TSTA-Elk  system  into  adenovirus.  To  this 
end  we  have  cloned  the  TSTA-Elk  system  into  an  adenovirus  shuttle  vector  and  initiated 
experiments  to  use  the  commercial  AdEasy  system  to  recombine  the  cassette  into  the 
adenovirus  genome.  However  we  found  that  the  plasmid  could  be  introduced  into  tumor 
cell  suspensions  by  transfection  and  that  the  transfected  cells  expressed  the  plasmid  for 
weeks  after  they  were  introduced  into  animals.  Because  this  approach  greatly  facilitated 
our  analysis  we  employed  it  to  perform  the  experiments  listed  in  Tasks  2  and  4.  We 
have  therefore  temporarily  bypassed  Task  3  although  we  have  experiments  in  progress 
to  generate  the  adenovirus. 


Task  2:  Testing  the  MAPK-TSTA  system  in  cell  based  assays. 

The  goal  of  this  task  was  to  test  for  prostate  specificity  of  the  TSTA-Elk  system  in 
cell  lines  and  to  test  for  response  to  androgens,  MAPK  stimuli  and  pathway  inhibitors. 
This  phase  of  the  testing  is  largely  complete.  We  found  that  the  TSTA-Elk  is  prostate 
cell  specific,  comparable  to  the  results  we  previously  reported  for  TSTA.  I  will  therefore 
focus  on  experiments  showing  the  functionality  of  TSTA-Elk,  which  were  performed  in 
the  prostate  cancer  cell  line  LNCaP.  LNCaP  cells  contain  AR,  express  PSA  and 
respond  to  external  MAPK  stimuli  such  as  the  epidermal  growth  factor  (EGF)  pathway. 
EGF  activates  MAPK  by  binding  to  the  EGF  receptor  (EGFR),  which  stimulates 
phosphorylation  of  the  MAPKs  ERK1/2.  We  also  performed  experiments  in  cell 
suspensions  derived  from  AD  and  Al  LAPC9  tumors  in  SCID  mice.  LAPC9  AD  and  Al 
cells  also  express  AR,  PSA  and  respond  to  MAPK  stimuli.  There  is  a  distinct  difference 
between  AD  and  Al  cells  that  I  will  describe  both  here  and  in  Task  4. 

The  most  compelling  data  that  prove  TSTA-Elk  functions  as  predicted  involve 
transfection  of  the  TSTA-Elk  plasmid  into  LNCaP  cells  treated  with  EGF  and  the 
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synthetic  androgen  R1881.  To  validate  the  response  we  also  tested  the  effects  of  two 
inhibitors.  Casodex  is  a  non  steroidal  androgen  antagonist  that  binds  to  AR  and  inhibits 
its  ability  to  respond  to  natural  and  synthetic  androgens  (i.e.,  DHT  and  R1881).  PKI166 
is  a  drug  that  binds  to  and  inhibits  the  receptor  tyrosine  kinase  activity  of  EGFR. 
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Figure  5.  Activity  of  the  TSTA-Elk  System  in  LNCaP  cells.  TSTA-Elk  was  transfected  into 
LNCaP  cells  grown  in  steroid-depleted  medium.  The  cells  were  treated  with  either  0.1 
nM  R1881  to  activate  AR,  or  100  ng  of  EGF  to  activate  the  MAPK  pathway.  Casodex  at 
0.1  mM  was  added  to  inhibit  AR  and  PKI166  added  at  10  nM  was  used  to  inhibit  EGF 
and  hence  MAPK.  Cell  extracts  were  prepared  and  luciferase  activity  was  measured  by 
luminometry.  Experiments  were  performed  in  triplicate  and  standard  deviation  is  indicated 
on  the  bars. 


Figure  5  is  a  bar  graph  of  the  luciferase  activity  from  LNCaP  cells  transfected 
with  the  TSTA-Elk  system.  The  first  4  bars  show  that  significant  luciferase  activity  is 
detected  only  when  both  R1881  and  EGF  are  added  to  cells.  This  result  is  predicted 
because  R1881  activates  AR  and  hence  GAL4-Elk  expression.  However  GAL4-Elk  is 
only  fully  active  when  EGF  activates  MAPK  activity.  Immunoblot  analysis  (not  shown) 
confirmed  that  GAL4-Elk  is  synthesized  in  response  to  R1881 

The  effects  are  specific  because  Casodex  lowers  AR  activity  and  thus  blocks  the 
expression  of  GAL4-Elk  as  shown  in  the  next  three  bars.  Further,  even  though  GAL4- 
Elk  is  present,  PKI166  inhibits  activity  by  blocking  EGFR  and  thus  blocks  MAPK  as 
shown  in  the  next  three  bars.  Immunoblot  analysis  was  used  to  confirm  that  EGF- 
mediated  ERK  phosphorylation  was  inhibited  by  PKI166. 

The  last  three  bars  show  the  combined  effect  of  Casodex  and  PKI.  In  short,  the 
results  establish  conclusively  that  AR  and  MAPK  are  both  needed  for  robust  activity  of 
TSTA-Elk  in  prostate  cancer  cell  lines. 
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Analysis  of  the  TSTA-Elk  system  in  LAPC9  AD  and  Al  tumor  suspensions  is  still 
ongoing  but  the  preliminary  data  allow  us  to  make  the  following  conclusions. 

1.  TSTA-Elk  is  relatively  inactive  in  AD  but  is  active  in  Al  cell  suspensions 
derived  from  tumors. 

2.  TSTA-Elk  responds  to  EGF  in  Al  cells  but  not  initially  in  AD  cells. 

3.  Pretreatment  of  AD  cells  with  EGF  facilitates  tumor  growth  in  animals  and 
primes  the  AD  cells  to  respond  to  EGF  as  they  transition  into  the  Al  state  (see 
below) 

Task  4:  Analyze  the  AR-MAPK  pathway  using  the  TSTA-Elk  in  vivo  imaging  system. 
There  are  several  subtasks  that  relate  to  the  ability  of  TSTA-Elk  to  respond  to  anti¬ 
androgens  like  flutamide  and  anti-MAPK  drugs  like  PKI166  in  live  animals.  We  initially 
performed  these  experiments  with  the  TSTA  system  to  evaluate  the  drug  effects  on  AR 
in  vivo  in  the  context  of  tumors.  This  is  an  essential  control  for  determining  the  effects  of 
the  drugs  on  TSTA-Elk  since  AR  function  is  necessary  to  activate  the  Elk  system.  I  will 
review  three  sets  of  experiments:  The  effect  of  the  anti-androgen  flutamide  on  AR 
function  and  tumor  growth  in  AD  and  Al  xenografts;  the  effects  of  PKI166  on  Al  tumor 
growth  and  TSTA  function;  and  finally  the  initial  data  on  TSTA-Elk  in  live  animals. 


Control 
Day  3  Day  18 


Al 


Flutamide 


p/sec/cm2/s 

Figure  6.  Effect  of  Flutamide  on  AdTSTA  Activity  in  Tumors:  107  pfu  of  AdTSTA  were  injected 
directly  into  LAPC9  AD  (top  panels)  and  Al  (bottom)  tumors  on  day  1 .  On  Day  3  a  baseline 
image  of  the  animals  was  taken  and  pellets  containing  vehicle  (control  animals,  left  two 
panels)  alone  or  the  anti-androgen  flutamide  (right  panels)  were  implanted  on  the  backs  of  the 
mice.  The  animals  were  imaged  using  a  CCD  camera  on  Day  18  to  examine  the  effects  of 
flutamide  on  AR  activity.  The  pseudoimage  indicates  the  intensity  of  the  signal.  The  signal 
intensity  scale  in  photons/sec/cm2  of  area  per  steridian  is  illustrated  to  the  right. 
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Figure  6  shows  that  flutamide  strongly  inhibits  the  action  of  AR  in  vivo  in  AD  but  not  Al 
tumors  as  measured  by  CCD  imaging  of  live  tumor-bearing  animals.  This  is  illustrated 
by  comparing  the  signal  on  Day  3  to  Day  18  in  the  flutamide  treated  AD  versus  Al 
animals.  In  the  AD  animals  the  signal  decreases  significantly  while  in  the  Al  animals  the 
signal  actually  increases  slightly.  Similar  results  were  observed  in  cohorts  of  three 
animals  and  a  more  extensive  study  is  underway.  In  Zhang  et  al.  2003  we  discussed  the 
ability  of  TSTA  to  respond  to  androgen  depletion  by  castration  of  AD  animals  and 
proposed  how  AR  escapes  the  effects  of  androgen  depletion  after  transition  to  the  Al 
state.  One  idea  was  that  the  castrated  animal  somehow  compensates  by  increasing  the 
synthesis  of  androgen  in  the  tumor.  If  this  was  true  we  would  have  expected  flutamide 
to  inhibit  in  both  AD  and  Al  animals.  The  inability  of  flutamide  to  impact  the  AR  pathway 
in  Al  suggested  that  AR  is  using  a  ligand  independent  mechanism. 

We  next  asked  whether  the  Al  tumors  are  actively  using  the  EGF  pathway  to 
stimulate  AR  function  (Figure  7).  Our  collaborator,  Dr.  Sawyers  provided  us  with 
guidance  on  an  animal  treatment  protocol  published  in  Mellinghoff  et  al.  (2002)  (ref.  9). 
In  this  case  we  established  tumors  bearing  an  integrated  lentivirus  construct  containing 
the  TSTA  cassette  described  in  Figure  3.  We  implanted  the  LAPC9  Al  tumor  cell 
suspensions  infected  with  Lenti-TSTA  into  SCID  mice  and  treated  by  gavage  with 
suspensions  of  PKI  166  beginning  on  day  3.  We  monitored  tumor  growth  and  the  effect 
of  PKI  up  to  day  18. 


Figure  7.  Treatment  of  LAPC9  Al  Tumors  with  PKI  and  Monitoring  with  TSTA.  SCID  mice  bearing 
LAPC9  Al  tumors  were  treated  with  PKI  beginning  3  days  after  the  tumor  cell  implantation.  CCD 
imaging  was  performed  on  Day  3  after  tumor  implant  and  then  on  Day  18  after  a  course  of  PKI166. 
The  imaging  scale  is  shown  to  the  right. 
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We  were  surprised  to  discover  that  PKI166  did  not  alter  AR  signaling  since  the  animals 
treated  with  vehicle  alone  elicited  the  same  signals  on  Day  18  as  PKI166-treated 
animals  (compare  top  and  bottom  panels).  This  result  suggested  a  number  of 
possibilities  including  that  the  tumors  are  simply  incapable  of  responding  to  PKI166  or 
that  the  EGF  pathway  is  not  the  pathway  driving  AR  activity  and  cell  proliferation  in  Al 
tumors. 

To  establish  that  the  Al  cells  could  actually  respond  to  PKI  we  performed  a  cell 
culture  transfection  of  TSTA-Elk  system  into  LAPC9  Al  cell  suspensions  and  tested:  i. 
EGF  activity  and  ii.  ability  of  PK1 166  to  inhibit  it  (Figure  8). 
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Figure  8.  Effect  of  PKI  on  EGF  Stimulation  of  MAPK  in  LAPC9  Cell  Suspensions.  LAPC9  Al  tumors  were 
harvested  from  SCID  animals  and  cell  suspensions  were  generated.  The  suspensions  were  transfected  in 
triplicate  with  TSTA-Elk  and  cells  were  treated  with  vehicle  alone,  EGF  and  EGF+PKI166.  After  48  h  cell 
extracts  were  prepared  and  luciferase  activity  was  measured  by  luminometry.  Activity  is  in  RLU;  relative 
luciferase  units. 

The  results  of  Figure  8  show  that  EGF  strongly  stimulates  TSTA-Elk  activity  in  tumor 
suspensions  and  PK1 166  inhibits  the  effect.  The  data  argue  that  EGF  can  activate  the 
MAPK  pathway  in  Al  cells  and  that  the  effect  can  be  inhibited  by  PK1 166. 

The  data  suggested  at  this  point  that  Al  cells  are  capable  of  responding  to  EGF 
signaling  but  EGF  may  not  be  the  pathway  naturally  driving  MAPK  activity  in  vivo.  This 
is  a  complex  idea  that  suggests  that  active  MAPK  and  response  to  MAPK  stimulants  is 
a  key  aspect  of  the  AD  to  Al  transition  but  the  natural  inducer  remains  unknown. 

To  address  this  idea,  we  decided  to  treat  AD  cells  with  EGF  and  determine  if  it 
stimulated  transition  of  AD  cells  to  the  Al  state  in  Nude  female  mice.  If  we  could  force 
the  transition  to  become  dependent  upon  EGF  perhaps  we  could  observe  an  effect  of 
the  PK1 166  inhibitor  on  MAPK  signaling  in  vivo.  We  therefore  transfected  the  TSTA-Elk 


11 


plasmid  into  LAPC9  AD  tumor  suspensions  in  the  presence  of  EGF  and  PKI  and 
implanted  the  cells  into  female  nude  mice. 
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Figure  9.  Effect  of  PKI  on  EGF-mediated  MAPK  Activity  in  LAPC9  AD  cells.  LAPC9  AD  tumor  cell 
suspensions  were  prepared  and  transfected  with  the  TSTA-Elk  plasmid.  The  cells  were  divided  into  three 
groups.  One  group  was  treated  with  vehicle,  one  with  EGF  and  another  with  EGF+PKI.  The  cells  were 
then  implanted  into  three  positions  on  the  back  of  a  female  nude  mice.  After  21  days  the  mice  were 
imaged  to  determine  the  baseline  TSTA-Elkl  activity.  The  mice  were  then  injected  with  2.5  micrograms  of 
EGF  and  imaged  24  hours  later. 


The  data  in  Figure  9  show  that  EGF-treated  AD  cells  do  not  possess  a  high  basal 
level  of  MAPK  activity  on  day  21  after  implantation.  However,  when  the  mice  are 
injected  with  EGF  on  Day  21,  cells  that  had  been  previously  treated  with  EGF  in  culture 
(see  Map  to  left  of  Figure)  displayed  a  marked  increase  (~37  fold)  in  MAPK  activity 
(compare  day  21  to  day  22).  However,  cells  that  were  treated  with  EGF+PKI166  in 
culture  were  not  able  to  respond.  Vehicle-treated  cells  were  also  unresponsive. 

One  interpretation  of  these  data  is  that  only  a  subpopulation  of  AD  cells  are 
initially  responsive  to  EGF  but  this  is  not  apparent  in  a  large  population.  This 
subpopulation  then  grows  out  in  the  animal  and  retains  the  ability  to  respond  to  EGF. 
This  idea  would  suggest  that  the  EGF  pathway  per  se  is  not  driving  natural  Al  cancer 
but  a  subpopulation  of  EGF-treated  AD  cells  can  respond  to  EGF  and  transition  into  Al. 
We  note  that  of  the  three  cell  populations  implanted  into  the  backs  of  Nude  mice,  only 
the  cells  that  were  pre-treated  in  culture  with  EGF  were  able  to  develop  into  0.5-cm  Al 
tumors  (not  shown).  Pre-treatment  with  PK1 166  inhibited  tumor  growth  stimulated  by 
EGF.  We  also  note  that  GAL4-Elk  expression  is  dependent  upon  on  AR  so  AR  must  be 
active  in  these  EGF-stimulated  Al  tumors. 

As  mentioned  earlier,  we  have  an  ongoing  study  to  examine  the  ability  of  AD  and 
Al  cells  to  respond  to  EGF  and  PK1 166  in  culture  and  in  vivo.  The  preliminary  data 
suggest  again  that  Al  cells  have  high  basal  activity  and  respond  immediately  to  EGF  in 
culture.  AD  cells  as  a  population  do  not  respond  to  EGF  in  culture  but  as  shown  above 
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the  EGF-treated  AD  cells  do  eventually  gain  the  ability  to  respond  as  they  transition  to 
Al.  PKI166  blocks  this  EGF-dependent  transition. 

The  main  conclusion  is  that  the  MAPK  pathway  is  clearly  functioning  at  a  higher 
basal  level  in  Al  cells  and  somehow  maintains  the  ability  to  respond  robustly  to  EGF. 
However  we  find  it  unlikely  that  EGF  is  actually  driving  the  tumor  growth  in  the  natural 
Al  state  because  of  the  data  in  figures  7-9. 

Task  5:  Perform  nuclear  localization  tests  of  AR  (months  11-36) 

One  of  the  key  questions  regarding  AR  function  during  androgen  independent 
prostate  cancer  is  whether  it  has  the  ability  to  localize  the  nucleus  in  the  presence  of 
castrate  levels  of  ligand.  Figure  3  of  Zhang  et  al.  (2003)  (appended)  shows  by 
immunohistochemistry  that  AR  localizes  to  the  nucleus  of  androgen  dependent  cells  in 
tumors  but  appears  to  largely  exit  the  nucleus  upon  castration  of  male  SCID  mice 
bearing  the  tumors.  In  contrast  AR  apparently  re-enters  the  nucleus  after  the  AD  tumors 
transition  to  the  Al  state.  Thus,  AR  re-enters  the  nucleus  at  castrate  levels  of  DHT  in  live 
animals.  Other  experiments  are  in  progress  to  determine  if  there  is  a  link  between  the 
elevated  basal  levels  of  MAPK  and  the  AR  translocation  to  the  nucleus. 

Task  6:  Perform  chromatin  immunoprecipitation  on  AD  and  Al  tumors. 

A  central  question  in  the  prostate  cancer  field  is  whether  AR  binds  to  its 
responsive  promoters  in  Al  cancer  and  drives  transcription.  This  idea  has  never  been 
directly  tested.  In  Zhang  et  al.  (2003)  we  performed  chromatin  immunoprecipitation  on 
LAPC9  AD  and  Al  tumors  to  show  that  AR  bound  directly  to  the  PSA  enhancer  in  AD 
cells  but  fell  off  the  enhancer  upon  castration.  The  decrease  in  binding  correlated  with  a 
decrease  in  nuclear  localization  of  AR.  However,  upon  transition  to  the  Al  state  the  AR 
re-acquired  the  ability  to  bind  to  the  enhancer.  We  found  that  transcription  complexes 
did  not  dissociate  completely  during  castration.  RNA  polymerase  II  (pol  II)  and  its 
general  factor  TFIIB  bound  to  the  promoter  even  after  castration.  However,  the  bulk  of 
pol  II  moved  from  an  elongating  position  downstream  of  the  promoter  back  to  the 
promoter.  We  postulated  that  the  transcription  complex  at  a  promoter  remains  in  a 
poised  state  during  castration  to  facilitate  return  to  the  active  mode  as  cells  transition  to 
Al.  This  idea  and  related  issues  are  discussed  in  the  appended  publications. 

Task  7:  Perform  immobilized  template  assay. 

We  had  hoped  by  this  point  to  perform  a  biochemical  analysis  of  the 
transcriptional  machinery  using  an  immobilized  template  assay  but  the  in  vivo  analyses 
were  pushed  up  and  we  have  delayed  implementation  of  the  biochemistry.  We  are 
however  planning  on  resuming  this  approach  in  the  next  year. 
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Key  Research  Accomplishments: 


Accomplishments  directly  related  to  the  TSTA  system,  which  measures  AR  function 

•  Creation  of  the  TSTA  adenovirus 

•  Demonstration  that  the  adenovirus-based  TSTA  system  can  measure  androgen 
signaling  in  tumors  in  live  animals. 

•  Demonstration  that  AR  is  fully  active  in  Al  cancer 

•  Demonstration  that  the  TSTA  system  can  detect  the  effect  of  anti-androgens  like 
flutamide  in  tumors  within  live  animals. 

Accomplishments  directly  related  to  the  TSTA-Elk  System  system,  which  measures  AR 
and  MAPK  function 

•  Cloning  of  the  TSTA-Elk  plasmid. 

•  Demonstration  that  the  TSTA-Elk  system  accurately  measures  MAPK  signaling  in  cell 
culture. 

•  Demonstration  that  the  TSTA-Elk  system  can  detect  the  effect  of  MAPK  pathway 
inhibitors  like  PKI166. 

•  Demonstration  that  TSTA-Elk  responds  to  and  measures  EGF  signaling  in  tumors  in 
live  animals. 

•  Demonstration  that  the  TSTA-Elk  system  can  detect  the  effect  of  the  EGF  pathway 
inhibitors  like  PKI166  in  tumor  growth  assays. 

Accomplishments  directly  related  to  AR  function  in  Al  cancers  including  nuclear 
localization  and  transcription  complex  assembly  in  tumors 

•  Demonstration  that  AR  localizes  to  the  nucleus  in  AD  tumors,  leaves  the  nucleus  upon 
castration  and  re-enters  the  nucleus  in  Al  tumors. 

•  Demonstration  that  AR  binds  the  PSA  enhancer  in  AD  and  Al  cells. 

•  Demonstration  that  RNA  polymerase  II  transcription  complexes  do  not  dissociate  upon 
androgen  withdrawal  but  remain  poised  to  be  re-activated  upon  the  transition  to  Al 
cancer. 
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Reportable  Outcomes: 

Two  publications  have  resulted  from  this  work: 

1.  Zhang,  L.,  Johnson,  M.,  Le,  K.,  Sato,  M.,  Ilagan,  R.,  Iyer,  M.,  Gambhir,  S., 

Wu,  L.  and  Carey,  M.  Interrogating  Androgen  Receptor  Function  in  Recurrent 
Prostate  Cancer.  Cancer  Research  63:  4552-4560,  2003. 

2.  Sato,  M.,  Johnson,  M.,  Zhang,  L.,  Zhang,  B.,  Le,  K.  Gambhir,  SS,  Carey, 

M.,  Wu,  L.  Optimization  of  Adenoviral  Vectors  to  Direct  Highly  Amplified 
Prostate-Specific  Expression  for  Imaging  and  Gene  Therapy.  Molecular  Therapy. 
(in  press). 

Two  transcription  based  imaging  systems  have  been  funded  by  this  work: 

1.  The  adenovirus-based  TSTA  system  described  in  Zhang  et  al.  2003.  The 
TSTA  adenovirus  is  available  upon  request  as  are  the  plasmids  employed  to 
create  it. 

2.  The  plasmid  based  TSTA-Elk  system  for  imaging  AR  and  MAPK  function. 
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Conclusions: 

One  of  the  key  issues  in  the  prostate  cancer  field  is  whether  AR  is  fully 
functioning  in  Al  cancer  and  what  aspects  of  Al  cell  metabolism  permit  function 
(refs.  6-8).  Our  hypothesis  was  that  elevated  MAPK  is  a  key  component  of  the 
transition  from  AD  to  Al  cancer. 

Our  work  with  the  adenovirus  based  TSTA  imaging  system  demonstrated 
that  AR  was  indeed  fully  functional  in  Al  cancer.  We  also  showed  by 
immunohistochemistry  and  chromatin  immunoprecipitation  that  AR  was  present 
in  the  nucleus  in  Al  cancer  and  bound  to  promoter  DNA.  We  further  showed  that 
the  transition  to  Al  cancer  rendered  the  tumor  refractory  to  inhibition  by  flutamide. 
This  result  firmly  establishes  that  the  tumor  is  probably  not  synthesizing 
androgen  to  compensate  for  castration  since,  if  this  idea  was  correct,  the 
flutamide  would  still  inhibit  (i.e.,  unless  it  was  being  inactivated  within  the  tumor). 
Our  data  suggest  that  the  cells  are  truly  employing  an  androgen-independent 
pathway  to  promote  cell  growth  even  while  AR  is  still  active.  This  is  in  contrast  to 
ideas  where  the  AR  is  utilizing  castrate  levels  of  ligand  to  function. 

One  idea  is  that  elevated  MAPK  is  directly  influencing  AR  function  in  the 
absence  of  ligand.  This  idea  has  emerged  from  numerous  studies  (reviewed  in 
refs.  6-8)  and  elevated  MAPK  directly  stimulates  AR  function  in  cell  culture  (ref. 
10).  Our  goal  was  to  develop  a  non-invasive  imaging  system  to  test  this  idea  in  a 
natural  tumor  environment  as  cells  progressed  into  the  Al  state.  The  TSTA-Elk 
system  was  designed  to  read  out  MAPK  activity  only  when  AR  was  active.  We 
showed  in  cultured  cells  that  the  system  functioned  properly.  Our  preliminary 
data  in  tumor  suspensions  and  in  tumors  in  live  animals  suggest  that  Al  cells  do 
indeed  possess  higher  MAPK  levels  than  AD  cells.  These  animals  have  been 
shown  to  reproduce  the  clinical  transition  of  humans  cancers  from  the  AD  to  Al 
state.  Furthermore,  Al  cells  are  primed  to  respond  to  MAPK  inducers  like  EGF 
and  can  employ  EGF  to  drive  cell  proliferation.  However,  Al  cells  can  grow  in  the 
absence  of  elevated  levels  of  EGF  and  therefore  we  suspect  that  another  MAPK 
inducer  is  driving  activity  in  the  natural  Al  state.  This  idea  was  reinforced  by  the 
inability  of  PKI166  to  function  on  natural  Al  tumors  but  it  did  have  an  effect  when 
the  AD-AI  transition  was  facilitated  by  EGF. 

Our  immediate  efforts  will  focus  on  completing  the  characterization  and 
implementation  of  the  TSTA-Elk  system  for  imaging  during  tumor  progression. 
Two  issues  will  dominate  our  future  efforts:  1.  How  MAPK  is  influencing  AR 
function?  2.  What  is  driving  MAPK  activity  in  the  tumor? 

The  implications  of  our  study  are  the  following.  First,  we  have  developed  a 
non-invasive  imaging  system  to  measure  specific  pathways  related  to  prostate 
cancer  progression.  The  systems  may  ultimately  have  clinical  utility  but  await 
successful  protocols  for  introducing  such  vectors  into  humans  and  must  be 
transitioned  from  an  optical  method  (CCD)  to  more  clinically  relevant  imaging 
schemes  like  positron  emission  tomography  (PET).  Second,  we  are  homing  in  on 
the  mechanism  of  AR  function  in  Al  cancer  and  have  developed  both  non- 
invasive  imaging  assays  that  can  be  coupled  with  cell  based  assays  and 
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biochemical  analysis  of  tumors  to  understand  the  changes  in  the  AR 
transcriptional  machinery  that  affect  its  function. 


Terms  Used: 

AR:  Androgen  receptor  (androgen  dependent  transcription  factor  that  turns  on 
prostate  genes  in  vivo  in  response  to  dihyrotestosterone;  DHT). 

AD:  Androgen  dependent  (refers  to  cancers  that  grow  in  male  mice  in  the 
presence  of  physiological  amounts  of  DHT). 

Al:  Androgen  independent  (refers  to  cancers  that  grow  in  castrated  males  or 
female  mice). 

CCD:  Charge  coupled  device  (an  optical  imaging  system  that  can  detect  light 
generated  by  the  luciferase-D-Luciferin  reaction  in  live  animals). 

EGF:  Epidermal  growth  factor  (the  ligand  that  activates  the  EGF  receptor,  a 
tyrosine  kinase  that  activates  the  MAPK  pathway). 

ERK1/2:  Extracellular  response  kinases  (specific  MAPKs  involved  in  cell 
proliferation). 

GAL4-VP16:  A  fusion  of  the  yeast  GAL4  DNA  binding  domain  to  the  Herpes 
Simplex  Virus  VP16  transcriptional  activation  domain  (a  chimeric  transcriptional 
activator  with  a  unique  specificity  and  potency  not  found  in  mammalian  cells; 
used  to  amplify  the  AR  signal  to  generate  sufficient  luciferase  to  visualize  by 
CCD-based  optical  imaging). 

GAL4-Elk1:  A  fusion  of  the  GAL4  DNA  binding  domain  to  the  MAPK  inducible 
transcription  factor  Elk-1  (used  to  detect  MAPK  signals  indirectly  via  a 
transcriptional  output;  much  more  sensitive  and  non-invasive  method  for 
visualizing  MAPK  activity  in  tumors  within  a  living  animal). 

MAPK:  mitogen  activated  protein  kinase  (phosphorylates  Elk-1  and  other 
proteins  necessary  for  cell  proliferation). 

PKI166:  A  drug  that  inhibits  EGF  receptor  tyrosine  kinase. 

TSTA:  Two  step  transcriptional  activation  (measures  AR  function  and  refers  to  an 
transcription-based  optical  imaging  system). 

TSTA-Elk:  Two  step  transcriptional  activation  system  replacing  GAL4-VP16  with 
GAL4-Elk1  (measures  AR  and  MAPK  function). 

LAPC9:  Los  Angeles  Prostate  Cancer  9  (one  of  many  LAPC  mouse  models  of 
cancer:  a  SCID  mouse  bearing  a  human  prostate  cancer). 
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Appendices: 

Item  1.  Zhang,  L.,  Johnson,  M.,  Le,  K.,  Sato,  M.,  Ilagan,  R.,  Iyer,  M.,  Gambhir, 

S.,  Wu,  L.  and  Carey,  M.  Interrogating  Androgen  Receptor  Function  in  Recurrent 
Prostate  Cancer.  Cancer  Research  63:  4552-4560,  2003. 

Item  2.  Sato,  M.,  Johnson,  M.,  Zhang,  L.,  Zhang,  B.,  Le,  K.  Gambhir,  SS, 
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ABSTRACT 

The  early  androgen-dependent  (AD)  phase  of  prostate  cancer  is  de¬ 
pendent  on  the  androgen  receptor  (AR).  However,  it  is  unclear  whether 
AR  is  fully  functional  in  recurrent  prostate  cancer  after  androgen  with¬ 
drawal.  To  address  this  issue  we  interrogated  AR  signaling  in  AD  and 
recurrent  prostate  cancer  xenografts  using  molecular  imaging,  chromatin 
immunoprecipitation,  and  immunohistochemistry.  In  the  imaging  exper¬ 
iments,  an  adenovirus  bearing  a  two-step  transcriptional  activation  cas¬ 
sette,  which  amplifies  AR-dependent  firefly  luciferase  reporter  gene  ac¬ 
tivity,  was  injected  into  tumors  implanted  into  severe  combined 
immunodeficiency  mice.  A  charge-coupled  device  optical  imaging  system 
detected  the  initial  loss  and  then  resumption  of  AR  transcriptional  activity 
in  D-luciferin-injected  mice  as  tumors  transitioned  from  AD  to  recurrent 
growth.  The  results  of  chromatin  immunoprecipitation  and  immunohis- 
tochemical  localization  experiments  correlated  with  the  Ad  two-step  tran¬ 
scriptional  activation  imaging  signal.  AR  localized  to  the  nucleus  and 
bound  to  the  endogenous  prostate-specific  antigen  enhancer  in  AD  tumors 
but  exited  the  nucleus  and  dissociated  from  the  enhancer  upon  castration. 
However,  AR  reentered  the  nucleus  and  rebound  the  prostate-specific 
antigen  enhancer  as  the  cancer  transitioned  into  the  recurrent  phase. 
Surprisingly,  RNA  polymerase  II  and  the  general  factor  TFIIB  remained 
bound  to  the  gene  throughout  the  transition.  Our  data  support  the  concept 
that  AR  is  fully  functional  in  recurrent  cancer  and  suggest  a  model  by 
which  a  poised  but  largely  inactive  transcription  complex  facilitates  reac¬ 
tivation  by  AR  at  castrate  levels  of  ligand. 

INTRODUCTION 

Prostate  cancer  growth  is  controlled  by  AR4  (1),  a  member  of  the 
steroid  receptor  subfamily  of  nuclear  receptors  (2).  In  the  presence  of 
its  ligand  DHT  the  bulk  of  AR  moves  from  the  cytoplasm  to  the 
nucleus  (3, 4),  binds  to  15-bp  DNA  elements  (AREs)  in  enhancers  and 
promoters,  and  activates  expression  of  genes  involved  in  prostate 
metabolism  including  PSA. 

PSA  is  a  secreted  kallikrein  protease  widely  used  for  evaluating 
treatment  and  progression  of  cancer,  although  it  has  some  drawbacks 


Received  3/13/03;  accepted  5/27/03. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  advertisement  in  accordance  with 
18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

1  Supported  by  Department  of  Defense  Grant  PC020177  (to  M.  C.),  CaPCURE  Grant 
(to  M.  C.  and  S.  S.  G.),  Department  of  Defense  CDMRP  PC000046  (to  L.  W.),  Depart¬ 
ment  of  Defense  PC9910I9  (to  Charles  Sawyers,  UCLA  School  of  Medicine,  and  M.  C.), 
an  interdisciplinary  seed  grant  from  the  Jonsson  Comprehensive  Cancer  Center  (to  M.  C., 
L.  W„  and  S.  S.  G.),  R01  CA822I4  (to  S.  S.  G.),  SAIRP  R24  CA92865  (to  S.  S.  G.),  and 
Department  of  Energy  Contract  DE-FC03-87ER60615  (to  S.  S.  G.).  L.  Z.  is  supported  by 
United  States  Department  of  Health  and  Human  Services  Institutional  National  Research 
Service  Award  #T32CA09056.  R.  I.  is  supported  by  a  Research  Training  in  Pharmaco¬ 
logical  Sciences  Award  #T32JM08652. 

2  Supplementary  data  for  this  article  are  available  at  Cancer  Research  Online  (http:// 
cancerres.aacijoumals.org). 

3  To  whom  requests  for  reprints  should  be  addressed,  at  Department  of  Biological 
Chemistry,  University  of  California  Los  Angeles  School  of  Medicine,  Los  Angeles,  CA 
90095-1737.  Phone:  (310)206-7859;  Fax:  (310)206-9598;  E-mail:  mcarey@mednet. 
ucla.edu. 

4  The  abbreviations  used  are:  AR,  androgen  receptor;  ARE,  androgen  response  ele¬ 
ment;  AD,  androgen-dependent;  ADc,  androgen-dependent  castrated;  AI,  androgen-inde¬ 
pendent;  CCD,  charge  coupled  device;  CHIP,  chromatin  immunoprecipitation;  DHT, 
dihydroxytestosterone;  LAPC,  Los  Angeles  prostate  cancer;  MAPK,  mitogen-activated 
protein  kinase;  pol  II,  RNA  polymerase  II;  PSA,  prostate- specific  antigen;  SCID,  severe 
combined  immunodeficiency;  TSTA,  two-step  transcriptional  activation;  pfu,  plaque¬ 
forming  unit(s);  CMV,  cytomegalovirus;  Ad,  adenovirus;  MOI,  multiplicity  of  infection. 


in  prognostic  utility  (5).  The  PSA  promoter  and  enhancer  have  been 
delineated  and  contain  AREs  necessary  for  transcriptional  activity  in 
AD  cancer  cell  lines  such  as  LNCaP  (6-12).  A  440-bp  core  segment 
of  the  enhancer  plays  the  major  role  in  androgen  responsiveness  (10). 
Multiple  dimers  of  AR  bind  cooperatively  to  a  cluster  of  AREs  in  the 
core  enhancer,  and  synergistically  activate  transcription  (13,  14)  via 
interaction  with  coactivators  that  recruit  pol  II  and  its  associated 
factors  (1).  DHT-dependent  binding  of  AR  to  the  PSA  enhancer  has 
been  studied  extensively  in  AD  LNCaP  cells  using  ChIP  but  has  not 
yet  been  evaluated  in  AD  or  recurrent  tumors  (15-17). 

A  central  role  for  AR  in  AD  prostate  cancer  has  been  inferred  from 
the  observation  that  tumor  growth  initially  ceases  with  treatments  that 
lower  the  concentration  or  effectiveness  of  DHT.  Although  secreted 
PSA  levels  decrease  as  AR  activity  is  diminished  (18),  the  cancer 
eventually  transitions  from  the  AD  state  to  a  recurrent  or  AI  state  upon 
failure  of  androgen  withdrawal  therapies  (19-21).  As  the  cancer 
transitions,  the  levels  of  secreted  PSA  rise  again,  implying  that  AR  is 
functional. 

In  many  recurrent  cancers  the  AR  gene  is  amplified  and/or  AR  is 
overexpressed  (22,  23).  The  relevance  of  AR  overexpression  in  cancer 
is  supported  by  transgenic  animal  studies,  where  forced  overexpres¬ 
sion  of  murine  AR  from  the  probasin  promoter  leads  to  development 
of  high-grade  prostatic  intraepithelial  neoplasia,  a  precursor  to  pros¬ 
tate  cancer  (24).  It  has  been  hypothesized  that  in  recurrent  cancer, 
overexpressed  AR  can  function  by  using  castrate  levels  of  DHT  or 
adrenal  androgens  (22,  25). 

Mutations  in  AR  are  occasionally  associated  with  recurrent  cancer. 
Certain  mutations  in  the  ligand-binding  domain  of  AR  permit  it  to 
function  with  alternative  ligands  in  cell  culture  and  in  vivo  (21). 
Additionally,  somatic  mutations  identified  in  the  transgenic  adenocar¬ 
cinoma  of  mouse  prostate  model  revealed  a  correlation  between 
reduced  androgen  dependence  and  the  presence  of  mutations  in  AR 
functional  domains  known  to  interact  with  coactivators  (26).  In  sum¬ 
mary,  it  is  plausible  that  mutation  of  AR  facilitates  interactions  with 
coactivators  in  the  absence  of  ligand  or  the  presence  of  alternative 
ligands. 

MAPK  has  also  been  postulated  to  augment  AR  activity  in  the 
absence  of  ligand  (19-21,  27-29).  Elevated  MAPK  levels  have  been 
observed  in  advanced  prostate  cancer  specimens  from  patients  and  in 
recurrent  xenograft  models  (30,  31).  Several  receptor  tyrosine  kinases 
or  growth  factors  that  signal  through  MAPKs  activate  AR-responsive 
reporter  genes  in  an  AI  manner  when  overexpressed  in  cell  culture 
(19-21,  27-29).  A  receptor  tyrosine  kinase  inhibitor  that  targets  the 
epidermal  growth  factor  receptor  pathway  inhibits  AR  activity  and 
tumor  growth  in  animal  models  (31). 

Additional  support  for  a  direct  role  of  AR  in  recurrent  cancer 
growth  comes  from  cell  culture  studies.  Lowering  AR  levels  in  an  AI 
LNCaP  cell  line  by  injection  of  an  AR-targeted  hammerhead  ri- 
bozyme  or  AR  antibodies  reduces  cell  proliferation  (32).  It  has  been 
suggested  that  AR  may  function  not  by  binding  DNA  but  through 
cytoplasmic  interaction  with  signaling  molecules  that  activate  the 
MAPK  pathway  (33,  34).  However,  the  effect  of  AR  on  PSA  gene 
transcription  in  at  least  one  AI  cell  line  probably  involves  DNA 
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binding,  because  the  PSA  enhancer  requires  some  of  its  natural  AREs 
for  activity,  although  other  transcription  factors  also  contribute  (35). 

Despite  these  intriguing  cell  culture  studies,  direct  measures  of  AR 
activity  and  binding  of  AR  to  responsive  genes  have  not  been  dem¬ 
onstrated  in  recurrent  tumors.  This  is  an  important  issue  for  develop¬ 
ing  pharmaceuticals  targeted  to  recurrent  cancer,  the  most  deadly  form 
of  the  disease  in  men.  The  goal  of  our  study  was  to  confirm  AR 
function  in  the  context  of  human  xenograft  tumors  implanted  into 
SCID  mice.  We  used  the  LAPC9  model,  a  human  prostate  cancer 
derived  from  a  bone  metastasis  (36).  LAPC9  tumors  express  PSA  and 
wild-type  AR,  and  on  castration  of  the  SCID  mice,  the  tumor  tran¬ 
siently  halts  growth  and  gradually  transitions  into  the  recurrent  state. 
Continued  passage  of  the  tumor  in  castrated  mice  generates  a  stable 
AI  model,  which  expresses  AR  and  PSA. 

We  used  four  tools  to  study  AR  function  in  the  LAPC9  tumors: 
secreted  PSA  levels,  immunohistochemistry,  ChIP,  and  molecular 
imaging.  The  PSA  levels  permitted  us  to  confirm  that  the  tumor 
responded  to  androgen  deprivation  in  castrated  animals  and  rose 
during  transition  to  recurrent  cancer.  Immunohistochemistry  allowed 
us  to  monitor  nuclear  localization,  an  important  parameter  of  AR 
function.  ChIP  enabled  us  to  directly  monitor  specific  AR  binding  to 
the  endogenous  PSA  gene  within  tumors.  Gene  expression-based 
molecular  imaging  is  a  new  technology  that  permitted  us  to  noninva- 
sively  visualize  transcriptional  activity  during  cancer  progression 
(37-40). 

The  molecular  imaging  technology  uses  a  cooled  CCD  camera, 
which  detects  light  emitted  from  living  animals  when  a  firefly 
luciferase  reporter  gene  is  expressed  in  the  presence  of  its  substrate 
D-luciferin  (41).  The  short  half-life  of  luciferase  in  combination 
with  highly  active  reporter  genes  facilitates  dynamic  measurements 
of  expression  occurring  over  weeks  within  tumors  implanted  into 
an  animal  (42).  Our  imaging  system  is  based  on  the  PSA  regulatory 
region  because  of  its  AR  responsiveness  and  prostate  specificity 
(9). 

In  a  previous  study,  we  duplicated  the  core  PSA  enhancer  and 
significantly  augmented  AR-responsive  firefly  luciferase  activity 
in  cell  culture  (43).  An  adenovector  bearing  this  imaging  cassette, 
AdPBC,  detected  distal  metastatic  lesions  in  xenograft  models 
using  the  CCD  optical  imaging  system  (44).  The  overall  activity  of 
the  AdPBC  reporter  cassette  was  only  5%  that  of  AdCMV-lucif- 
erase,  the  benchmark  for  CCD  imaging  studies,  making  it  difficult 
to  dynamically  monitor  the  androgen  response.  To  additionally 
improve  the  signal  we  used  the  TSTA  strategy.  The  duplicated 
PSA  regulatory  region  was  linked  to  the  gene  for  the  potent 
transcription  activator  GAL4-VP16.  When  GAL4-VP16  is  synthe¬ 
sized  it  acts  on  a  GAL4-responsive  firefly  luciferase  reporter  gene 
resulting  in  amplified  levels  of  expression  (45).  We  previously 
optimized  the  system  by  varying  the  numbers  of  GAL4  sites  and 
VP  16  activation  domains  (46). 

In  this  paper  we  incorporated  the  optimal  TSTA  system  into  a 
replication-deficient  adenovirus  (47)  to  create  AdTSTA.  Adenovirus 
exhibits  a  high  infection  efficiency  and  is  widely  used  in  gene  transfer 
studies  in  animals  and  humans  (48).  We  injected  AdTSTA  into 
LAPC9  AD  and  recurrent  tumors  implanted  into  the  flanks  of  SCID 
mice,  and  imaged  the  activation,  inactivation,  and  reactivation  of  AR 
activity  during  cancer  progression.  Immunohistochemical  staining  and 
ChIP  of  AR  on  the  PSA  regulatory  region  in  the  various  stages  of 
cancer  growth  supported  the  concept  that  AR  is  fully  active  in  recur¬ 
rent  cancer.  ChIP  data  also  suggested  a  model  whereby  the  RNA  pol 
II  transcription  complexes  on  AR-responsive  genes  do  not  disappear 
in  the  absence  of  androgen  but  remain  poised  to  resume  activity. 


MATERIALS  AND  METHODS 

Adenovirus  Constructs.  AdTSTA  was  generated  from  the  optimal  TSTA 
plasmid  (46).  A  second  Not\  site  5'  from  the  PBC  enhancer  was  removed  to 
create  unique  Notl  site  in  the  vector.  A  Sall-Notl  fragment  containing  the  core 
BCVP2G5-Luc  fragment  was  excised  by  Notl  and  partial  Sal 1  digestion,  and 
inserted  into  the  Sall-Notl  site  of  pShuttle  (Q-Biogene,  Carlsbad,  CA),  which 
was  then  incorporated  into  the  adenovirus  vector  AdEasy  through  homologous 
recombination.  AdCMV  was  generated  as  described  previously  (44).  The 
viruses  were  packaged  and  propagated  in  293 A  cells.  The  virus  was  scaled  up, 
purified  via  a  CsCl  gradient,  and  titered  by  plaque  assays  on  293  monolayers 
(infectious  units  -  plaque-forming  units).  Virus  was  stored  at  —10'  ‘pfu/ml  in 
10  mM  Tris-HCl,  1  mM  MgCl2,  and  10%  glycerol.  TSTA  plasmid  vectors  that 
contain  convenient  restriction  sites  for  removing  PBC  and  replacing  it  with  any 
promoter  have  been  constructed  and  will  be  provided  on  request. 

Cell  Culture  and  Xenografts.  The  human  prostate  cancer  cell  line  LNCaP 
was  grown  in  RPMI  1640  supplemented  with  10%  fetal  bovine  serum  and  1% 
penicillin/streptomycin  solution.  HeLa,  MCF-7,  and  HepG  cells  were  cultured 
in  DMEM  with  10%  fetal  bovine  serum  and  1%  penicillin/streptomycin. 
Before  transfection,  cells  were  transferred  for  24  h  into  medium  containing  5% 
charcoal-stripped  serum  (Omega  Sci.,  Tarzana,  CA).  The  synthetic  androgen 
methylenetrienolone  (R1881;  NEN  Life  Science  Products,  Boston,  MA)  was 
added  to  “ligand-positive”  samples  where  indicated. 

Human  prostate  tumor  xenografts  were  generated  on  SCID  mice  as  de¬ 
scribed  previously  (36).  Briefly,  ~1  X  106  LAPC-9  tumor  cells  generously 
provided  by  Dr.  Charles  Sawyers  (UCLA  School  of  Medicine,  Los  Angeles, 
CA)  were  mixed  1:1  with  Matrigel  (BD  Scientific)  and  implanted  s.c.  on  the 
left  flank  of  male  SCID  (C.B.  —17  ScidlScid)  mice.  The  AI  sublines  were 
passaged  several  rounds  in  castrated  male  mice.  Single-cell  suspension  cultures 
were  maintained  on  Pre-BM/GM  medium  (Clonetics,  Walkersville,  MD). 
Alternatively,  tumors  were  extracted  from  founder  mice,  minced  into 
~0.2-mm  cubes,  bathed  in  Matrigel,  and  implanted  s.c.  onto  the  left  flanks  of 
SCID  mice. 

Virus  Activity  Assays.  For  firefly  luciferase  assays,  the  cultured  cells  were 
infected  with  AdTSTA  or  AdCMV  at  a  MOI  of  0.1.  After  48  h,  the  cells  were 
harvested  and  lysed  using  the  passive  lysis  buffer  provided  in  the  firefly 
luciferase  assay  kit  (Dual -Reporter  Luciferase  Assay  System;  Promega,  Mad¬ 
ison,  WI).  Firefly  luciferase  activities  of  5%  of  the  cell  lysates  supplemented 
with  100  jllI  of  D-luciferin  were  measured  using  a  luminometer  (Lumat  9507; 
(Berthold  Technologies,  Oak  Ridge,  TN)  with  an  integration  time  of  10  s. 

Immunoblot  Analysis  of  GAL4-VP16  Expression.  LNCaP  cells  were 
grown  in  10-cm  dishes  and  infected  with  AdTSTA  at  MOI  10.  Forty-eight  h 
later  the  cells  were  harvested  and  lysed  with  radioimmunoprecipitation  assay 
buffer  (10  mM  Tris-HCl,  150  mM  NaCl,  0.1%  SDS,  1%  DOC,  1  mM  EDTA, 
and  1%  NP40).  Protein  concentrations  of  the  extracts  were  normalized  (Bio- 
Rad  Dc  protein  assay  kit),  and  the  samples  were  fractionated  on  4-15% 
gradient  acrylamide  gels  (Bio-Rad,  Hercules,  CA)  and  subjected  to  immuno¬ 
blot  analysis  with  rabbit  polyclonal  antibodies  generated  against  intact  GAL4- 
VP16  or  loading  control  proteins. 

CCD  Imaging  of  Firefly  Luciferase  Expression.  For  the  naive  mice,  107 
pfu  of  AdTSTA  or  AdCMV  suspended  in  100  ^jlI  PBS  was  injected  via  the  tail 
vein.  For  the  LAPC9  xenografts,  a  total  of  107  pfu  of  AdTSTA  or  AdCMV  in 
40  jitl  PBS  was  injected  directly  into  the  0.5-cm  diameter  tumor  xenografts  at 
multiple  locations.  To  ensure  adequate  distribution  throughout  the  tumor,  the 
injection  was  carried  out  twice  on  2  sequential  days.  The  virus  was  allowed  to 
express  the  encoded  genes  and  distribute  throughout  the  tissue  for  3-4  days 
before  imaging.  At  the  days  specified  in  the  figures,  the  mice  were  anesthetized 
and  injected  with  ~  150  mg/kg  D-luciferin  (—3  mg/mouse).  Light  signals  (CCD 
images)  were  obtained  using  a  cooled  IVIS  CCD  camera  (Xenogen,  Alameda, 
CA),  and  images  were  analyzed  with  IGOR -PRO  Living  Image  Software, 
which  generates  a  pseudoimage  with  an  adjustable  color  scale.  We  determined 
the  maximum  photons/second  of  acquisition/cm2  pixel/steridian  within  a  re¬ 
gion  of  interest  to  be  the  most  consistent  measure  for  comparative  analysis. 
The  imaging  results  correlated  closely  with  luminometry  of  tissue  extracts. 
Typically  our  acquisition  times  ranged  from  1  to  10  s. 

Tumor  Immunohistochemical  Analysis.  Immunohistochemistry  was  per¬ 
formed  on  paraffin-embedded  tumor  sections  with  antigen  retrieval.  Tissue 
sections  were  incubated  at  4°C  overnight  with  anti-AR  5  jig/ml  (UpState, 
Charlottesville,  VA).  After  stringent  blocking,  washing,  and  incubation  with 
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multilink  (BioGenex,  San  Ramon,  CA),  and  alkaline  phosphatase  label  for  20 
min  at  room  temperature,  sections  were  washed  and  developed  according  to  the 
manufacturer’s  instructions  (BioGenex). 

Secreted  PSA  and  Serum  DHT  Measurements.  Blood  was  withdrawn 
from  the  mice  by  retro-orbital  bleeding,  and  plasma  was  collected.  PSA  levels 
were  measured  using  a  PSA  ELISA  kit  (American  Qualex,  San  Clemente,  CA), 
whereas  the  DHT  levels  were  measured  using  a  DHT  ELISA  kit  (Alpha 
Diagnostic  International.  San  Antonio,  TX).  All  of  the  measurements  were 
performed  in  triplicate. 

Tumor  Chromatin  Immunoprecipitation.  Tumors  were  extracted  from 
the  mice  and  washed  with  ice-cold  PBS.  The  tumors  were  quickly  minced  and 
immersed  in  1%  formaldehyde  solution,  where  they  were  additionally  minced 
and  homogenized  using  a  glass  dounce.  The  total  incubation  in  formaldehyde 
solution  was  for  30  min.  Before  sonication,  the  cell  suspensions  were  washed 
for  10  min  each  in  solution  I  containing  0.25%  Triton,  10  mM  EDTA,  1  mM 
EGTA,  and  10  mM  HEPES  (pH  7.5),  and  in  solution  II  containing  0.2  M  NaCl, 
1  mM  EDTA,  1  mM  EGTA,  and  10  mM  HEPES  (pH  7.5).  Extracts  were 
obtained  by  8  X  15  s  sonication  in  lysis  buffer  containing  1%  SDS  and  10  mM 
EDTA  using  a  Fisher  Scientific  Model  550  sonicator  at  setting  4  with  a 
microtip.  Chromatin  was  purified  from  insoluble  debris  by  microcentrifugation 
at  15,000  rpm  for  20  min. 

To  perform  immunoprecipitation,  the  chromatin  was  diluted  1 :7  in  dilution 
buffer  containing  70  mM  HEPES  (pH  7.5),  2.5  mM  NaCl,  1.5  mM  EDTA,  1.5% 
Triton,  and  0.6%  deoxycholate.  The  extracts  were  precleared  with  preimmune 
IgG  together  with  Sepharose  A  or  G  agarose  beads  (Amersham,  Piscataway, 
NJ)  for  1  h  at  4°C.  Precleared  extracts  were  incubated  with  4-6  /xg  of  specific 
antibodies  at  4°C  overnight  followed  by  incubation  with  30  /xl  of  agarose  A  or 
G  beads  for  1  h  the  next  day.  The  antibodies  included  the  N20  and  C19  AR 
antibodies  from  Santa  Cruz  Biotech,  the  pol  II  CTD8WG16  monoclonal  from 
QED  Bioscience  (San  Diego,  CA),  and  a  TFIIB  antibody  generated  in  our 
laboratory.  The  beads  were  washed  twice  with  buffer  containing  50  mM 
HEPES  (pH  7.5),  0.15  M  NaCl,  1  mM  EDTA,  1%  Triton,  0.5%  deoxycholate 


and  0.15%  SDS  followed  by  wash  with  LNDET  buffer  containing  0.25  M  LiCl, 
1%  NP40,  1%  sodium  deoxycholate,  1  mM  EDTA,  and  10  mM  Tris  (pH  8.0). 
The  protein-DNA  complexes  were  then  eluted  from  the  beads  with  30-50  p.1 
elution  buffer  containing  1%  SDS  and  1  mM  NaHC03.  The  eluates  were 
diluted  with  10  mM  Tris  (pH  8.0)- 1  mM  EDTA  and  incubated  at  65 °C  overnight 
to  reverse  the  cross-link.  The  samples  were  then  treated  with  proteinase  K  at 
100  ng//xl  and  RNAase  A  for  1  h  at  55°C,  and  then  extracted  with  phenol.  The 
DNA  was  then  precipitated  with  ethanol,  resuspended  in  30  /xl  water,  and 
subjected  to  PCR  analysis.  Typically  one  1-cm  tumor  yielded  enough  material 
for  six  PCR  reactions.  The  input  sample  in  the  data  shown  in  the  ChIP 
experiments  was  typically  2%  of  the  DNA  added  to  a  ChIP  reaction. 

The  PCR  analyses  were  performed  with  four  sets  of  32P-labeled  of  primers: 
Enhancer:  5'ggtgaccagagcagtctaggtg3'  and  5 '  tgtttactgtcaaggacaatcgat3 ' ;  Pro¬ 
moter:  5 ' gtatgaagaatcggggatcgt 3 '  and  5'  gctcatggagacttcatctag3 ' ;  Middle: 
5'tatgcttggggacaccggat3'  and  5 ' ttagagctggagtggaaggatat3 ' ;  Exon  5:  5'taatggt- 
gtgcttcaaggtatcacg3'  and  5'gtgtccttgatccacttccggtaat3' 

The  PCR  cycling  protocol  was  40  s  at  94°C,  3  min  at  75°C,  2  min  at  65°C, 
followed  by  20  cycles  of  40  s  at  94°C,  1  min  at  65°C,  and  2  min  at  72°C, 
followed  by  a  10-min  extension  at  72°C.  The  PCR  products  were  phenol- 
extracted,  separated  on  6%  polyacrylamide  gels,  and  autoradiographed  by 
exposure  to  XAR-5  film. 

RESULTS 

AdTSTA  Is  AR-responsive  in  Cell-based  Assays.  The  transcrip¬ 
tional  activity  of  AR  is  the  most  relevant  measure  of  its  function  in 
vivo .  Our  previous  study  used  a  plasmid  expressing  the  TSTA  system 
to  study  AR-mediated  gene  expression  in  cell  culture  (46).  To  monitor 
AR  in  live  animal  models  of  prostate  cancer  it  was  necessary  to  insert 
the  TSTA  cassette  (Fig.  1  A)  into  an  adenovirus,  which  could  be 
injected  directly  into  tumors.  The  cassette  was  inserted  into  the 
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Fig.  1 .  Validation  of  the  molecular  imaging  system  in  cell  culture.  A,  a  schematic  of  the  AdTSTA  imaging  system.  The  top  portion  of  the  diagram  shows  the  TSTA  imaging  cassette. 
The  PSA  enhancer  from  -4326  to  -3935  was  duplicated  (the  chimeric  enhancer  core)  within  the  upstream  regulatory  region  from  -5322  to  -3744  and  attached  to  the  proximal 
promoter  from  -541  to  1.  Each  enhancer  bears  a  cluster  of  six  AREs,  and  the  promoter  contains  two  AREs.  The  PSA  regulatory  region  is  shown  expressing  GAL4-VP2  bearing  two 
NHi-terminal  herpes  simplex  virus  l  VP16  activation  domains  (amino  acids  413-454)  fused  to  the  GAL4  DNA  binding  domain  (amino  acids  1-147).  A  GAL4-responsive  promoter 
is  fused  in  the  divergent  orientation  to  the  PSA  regulatory  region.  The  GAL4-responsive  promoter  contains  five  17-bp  GAL4  sites  upstream  of  the  adenovirus  E4  promoter  driving 
firefly  luciferase.  The  entire  cassette  was  cloned  into  a  shuttle  vector  and  introduced  into  Ad5  deleted  (A)  for  El  and  E3  using  the  AdEasy  system.  The  virus  was  propagated  in  293 
cells,  purified  and  titered.  B.  a  demonstration  of  AdTSTA  activity  in  cancer  cell  lines.  LNCaP  cells  were  infected  with  AdTSTA  at  a  MOI  of  10  for  1  h  and  treated  with  10  nM  R1881 
(+Ugand)  or  vehicle  (-Ligand).  At  the  indicated  time  points,  the  cells  were  lysed  with  Reporter  Lysis  Buffer,  and  firefly  luciferase  activity  was  analyzed  either  by  luminometry  (bottom 
panel,  K-axis:  Relative  Luciferase  Units/pg  of  total  protein  normalized  to  100%)  or  by  immunoblotting  ( top  panel,  AR,  anti-AR;  Tub,  Anti-tubulin;  GAL4,  anti-GAL4-VP16).  Samples 
were  prepared  in  triplicate  and  the  average  reading  is  shown;  bars,  ±SE.  The  triplicate  samples  were  mixed  for  immunoblot  analysis.  C,.  LNCaP,  HeLa,  or  HepG  cells  were  infected 
with  AdTSTA  at  a  MOI  of  0.1  for  1  h  followed  by  treatment  with  10  nM  R1881 .  The  cells  were  harvested  48  h  later,  and  luciferase  levels  were  measured.  Data  are  normalized  to  the 
ligand-induced  signal  in  LNCaP  (100%).  The  AdCMV  (MOI  0.1)  signal  in  LNCaP  is  shown  in  M  for  comparison  of  the  AdTSTA  and  AdCMV  luciferase  activity;  bars,  ±SE. 
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genome  of  adenovirus  serotype  5  in  which  the  El  and  E3  coding 
regions  were  deleted,  which  rendered  the  virus  replication-deficient 
(47).  The  TSTA  cassette  comprises  a  modified  PSA  regulatory  region 
containing  two  copies  of  the  AR-responsive  core  PSA  enhancer 
placed  upstream  of  GAL4-VP2.  GAL4-VP2  contains  two  copies  of 
the  VP  16  activation  domain  fused  to  the  GAL4  DNA  binding  domain. 
In  the  presence  of  androgen,  GAL4-VP2  is  synthesized  and  binds  to 
five  GAL4  binding  sites  positioned  upstream  of  the  adenovirus  E4 
core  promoter,  which  drives  high  levels  of  firefly  luciferase  expres¬ 
sion  (Fig.  1).  Luciferase  was  measured  in  cell  culture  by  luminometry 
and  in  vivo  in  D-luciferin-injected  live  animals  using  a  Xenogen 
cooled  CCD  optical  imaging  system  (42). 

To  validate  the  androgen  responsiveness  of  the  TSTA  system  in  the 
context  of  the  adenoviral  vector,  we  infected  the  model  AD  prostate 
cancer  cell  line,  LNCaP,  with  AdTSTA  (Fig.  IB).  GAL4-VP2  and 
firefly  luciferase  levels  were  enhanced  significantly  in  the  presence  of 
the  synthetic  androgen  agonist  R1881.  The  largest  increase  of  lucif¬ 
erase  activity  was  observed  at  the  48-h  time  point  (Fig.  1 B,  bottom ), 
which  correlated  with  the  appearance  of  GAL4-VP2  by  immunoblot 
analysis  (Fig.  IB,  top). 

The  AdTSTA  system  maintained  cell  selectivity  in  culture  (Fig. 
1C).  An  example  of  these  findings  is  shown  for  cells  derived  from 
prostate  cancer  (LNCaP),  liver  (HepG),  and  cervical  cancer  (HeLa). 
LNCaP  is  an  AD  prostate  cancer  cell  line  (49),  which  contains  a 
mutant  form  of  AR  and  secretes  PSA  (50,  51).  AR  expression  is  not 
observed  in  HeLa  and  HepG  cells  (data  not  shown).  PCR  analysis 
demonstrated  that  viral  infectivity  was  similar  within  a  2-fotd  range 
among  the  cell  lines  tested  (data  not  shown).  The  LNCaP  cells 
displayed  significantly  higher  firefly  luciferase  activity  than  HeLa  and 
HepG,  and  responded  to  the  androgen  agonist  R1881.  MCF-7  cells  (an 
AR~expressing  breast  cancer  cell  line),  PC3  (an  AR-negative  prostate 
cancer  cell  line),  and  PC3  stably  expressing  AR  were  also  tested. 
These  lines  displayed  only  a  low  basal  level  of  TSTA  expression  and 
did  not  respond  to  R1881  (data  not  shown).  Thus,  the  AdTSTA 
system  responds  to  AR  in  AD  prostate  cancer  cells.  The  residual 
signal  present  in  LNCaP  cells  in  the  absence  of  ligand  could  be 
suppressed  by  addition  of  the  AR  antagonist  casodex  suggesting  that 
the  TSTA  amplification  system  is  sensitive  enough  to  respond  to  trace 
androgen  levels  present  in  charcoal-stripped  growth  medium  (data  not 
shown). 

The  AdTSTA  also  achieved  an  activity  level  suitable  for  dynamic 
measurements  in  live  animals.  Side-by-side  comparison  in  LNCaP 
cells  demonstrated  that  AdTSTA  displayed  a  ligand-induced  firefly 
luciferase  activity  10- fold  greater  than  AdCMV  (Fig.  1C)  and  nearly 
200-fold  greater  than  AdPBC  (data  not  shown).  The  increased  activity 
obtained  by  using  the  TSTA  approach  reduced  the  average  CCD 
acquisition  times  from  5  min  to  a  few  seconds  (i.e.,  versus  AdPBC). 
The  signal  obtained  from  AdTSTA  was  tumor  specific  and  robust. 
Direct  intratumoral  injection  into  LAPC9  AD  xenografts  demon¬ 
strated  that  AdTSTA  was  routinely  twice  as  active  as  AdCMV. 
Additionally,  AdTSTA,  unlike  AdCMV,  did  not  generate  a  CCD 
signal  in  liver  when  injected  via  the  tail  vein  into  nontumor  bearing 
SCID  mice  (Supplementary  Fig.  2).  The  gain  in  signal  obtained  via 
the  use  of  TSTA  permitted  us  to  perform  direct  measurements  of  AR 
function  at  various  stages  of  cancer  growth.  The  high  level  of  activity 
also  allowed  us  to  reduce  the  viral  dose  from  109  pfu  used  in  the 
AdPBC  study  to  107  pfu  used  here.  The  lower  doses  decrease  the 
possibility  of  viral  toxicity. 

Molecular  Imaging  of  AR  Signaling  in  AD,  ADc,  and  A1  Tu¬ 
mors.  To  demonstrate  the  androgen  responsiveness  of  the  tumor 
model  we  first  castrated  male  mice  bearing  LAPC9  AD  tumors  and 
measured  serum  PSA  levels  (Fig.  2).  A  decrease  or  plateau  of  serum 
PSA  is  indicative  of  successful  hormone  blockade  therapy  in  humans. 


Fig.  2.  Serum  PSA  measurements  for  AD  and  castrated  mice.  Serum  ELISA  meas¬ 
urements  of  PSA  at  various  time  points  during  tumor  growth.  Values  are  in  ng/ml; 
bars,  ±SE. 

The  xenograft  data  revealed  that  the  PSA  levels  ceased  rising  and 
dropped  slightly  beginning  1  day  after  castration  and  remained  flat, 
recapitulating  the  clinical  response  to  androgen  blockade  therapy.  At 
later  time  points,  the  PSA  levels  began  to  rise  as  tumors  transitioned 
from  AD  to  AI.  Like  PSA,  the  serum  DHT  levels  decreased  after 
castration  to  as  low  as  85%  of  the  intact  animals.  However,  DHT 
levels  remained  low  even  as  PSA  levels  increased  (data  not  shown). 

Analysis  of  normal  AD  animals  and  animals  castrated  during  tumor 
growth  (ADc)  revealed  that  the  CCD  imaging  signal  responded  well 
to  androgen  withdrawal  (Fig.  3A).  The  AdTSTA-injected  AD  tumors 
typically  emitted  >107  photons/sec/cm2/sr  on  day  4  after  virus  injec¬ 
tion.  Castration  on  day  4  led  to  a  >  10-fold  drop  in  the  imaging  signal 
by  day  10  (Fig.  3 A  graphs ;  AD  versus  ADc;  P  =  0.01).  In  contrast, 
AdTSTA  displayed  robust  activity  in  established  AI  tumors,  and  over 
the  same  time  frame  the  signal  increased.  The  increasing  signal  in  AI 
versus  AD  tumors  was  intriguing,  but  we  do  not  yet  understand  the 
cause.  We  have  noted  that  AD  tumors  contain  a  large  necrotic  center, 
whereas  AI  tumors  do  not.  It  is  plausible  that  the  necrosis  leads  to 
some  diminution  in  signal  because  of  death  of  a  subset  of  infected 
cells.  Nevertheless,  we  can  conclude  from  these  data  that  the  AR- 
responsive  TSTA  system  is  specifically  responding  to  the  loss  of  AR 
activity  in  the  ADc  tumor  but  that  the  activity  is  regained  in  estab¬ 
lished  AI  tumors. 

Localization  of  A R  in  Tumors.  The  distribution  of  AR  is  sensitive 
to  androgen  depletion.  AR  is  known  to  localize  predominantly  to  the 
nucleus  in  the  presence  of  androgen,  whereas  AR  localization  in  the 
absence  of  androgen  is  diffuse,  and  distributes  between  the  cytoplasm 
and  nucleus  (22).  Immunohistochemical  analyses  of  tumors  from  the 
sacrificed  LAPC9  animals  used  in  the  imaging  studies  showed  that 
AR  was  tightly  localized  to  the  nucleus  of  AD  and  established  AI 
tumors  (Fig.  3 B).  Typically  30-35%  of  the  cells  in  the  field  stained 
strongly  for  nuclear  AR,  ~20%  stained  weakly,  and  the  remainder 
displayed  marginal  or  no  staining  in  both  AD  and  recurrent  tumors. 
The  staining  in  ADc  was  heterogeneous  with  a  few  cells  showing 
nuclear  staining  but  most  showing  a  diffuse  pattern  of  cytoplasmic 
staining. 

The  imaging  and  cytology  data  imply  that  AR  initially  ceases 
activity  on  castration  probably  because  it  exits  the  nucleus.  However, 
AR  resumes  functioning  in  AI  cancer.  Several  proposals  have  been 
made  to  explain  how  androgen-responsive  genes  could  be  activated  in 
cells  lacking  physiological  levels  of  androgen.  In  one  model,  other 
transcription  factors  like  nuclear  factor  kB  have  been  proposed  to  bind 
regulatory  regions  of  androgen-responsive  genes  and  partly  substitute 
for  AR  in  AI  cancer  (52).  Nevertheless,  the  predominant  nuclear 
location  of  AR  in  AI  tumors  implies  that  AR  is  functional.  One 
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Fig.  3.  Imaging  AR  signaling  in  LAPC  9  tumors.  In  A,  SCID  mice  implanted  with  LAPC9  xenografts  (>0.5  cm)  were  injected  with  107  pfu  of  AdTSTA  and  the  mice  were  imaged 
every  3-4  days  until  day  14.  Representative  mice  at  day  4  and  day  10  after  virus  injection  from  the  AD  group,  the  castrated  (on  day  4)  AD  group  ( ADc ),  and  the  stable  AI  group.  The 
bar  graph  summarizes  a  cohort  of  three  or  more  and  summarizes  the  log  of  the  percentage  change  in  signal  from  day  4  ( blue  bars )  to  day  10  {purple  bars).  Day  4  is  set  at  2  ( log  10) 
in  each  case.  The  normalization  to  percentage  change  was  necessary  because  there  is  variation  in  virus  infectivity  in  different  tumors.  B  shows  representative  immunohistochemical 
localization  of  AR  in  the  AD,  ADc,  and  AI  tumors  using  anti-AR  antibodies.  AR  stains  brown  against  the  blue-stained  nuclei.  For  both  AD  and  AI  tumors,  five  high-power  fields  (X40) 
from  multiple  sample  slides  were  counted,  with  an  average  of  100  cells/field.  AR  nuclear  staining  was  recorded  as  percentage  of  cells  counted.  For  AD  tumors,  cells  with  high  AR 
nuclear  staining  are  33%  (±5%),  whereas  cells  with  no  or  very  faint  AR  nuclear  staining  is  19%  (±6%)  with  the  remainder  staining  at  an  intermediate  intensity.  For  AI  tumors,  30% 
(±2.7%)  of  the  cells  stained  intensely,  whereas  cells  with  no  or  very  faint  AR  nuclear  staining  was  22%  (±3%).  In  conclusion,  AR  nuclear  staining  does  not  differ  significantly  between 
AD  and  AI  tumors  ( P  =  0.3  one  tail  and  0.7  two  tail);  bars ,  ±SE. 


prediction  of  this  hypothesis  is  that  AR  should  bind  directly  to 
responsive  enhancers  and  promoters  in  AI  tumors. 

Transcription  Complex  Assembly  in  Tumors.  To  determine 
whether  AR  was  binding  to  the  endogenous  PSA  regulatory  region  in 
AI  tumors  we  used  ChIP,  which  allows  direct  measurement  of  DNA 
binding  to  promoters  and  enhancers  in  vivo  (Fig.  4).  Previous  ChIP 
experiments  in  AD  LNCaP  cells  in  culture  have  shown  that  AR  and 
pol  II  bind  to  the  PSA  enhancer  and  promoter  when  the  gene  is  active 
(15,  17).  We  analyzed  AR  binding  to  four  regions  of  the  gene  in 
tumors:  the  enhancer,  the  promoter,  an  intervening  region  located 
between  the  enhancer  and  promoter,  and  downstream  exon  5  (Fig.  4, 
schematic ).  Specific  signals  were  confirmed  by  comparing  the  AR 
antibody  signal  to  the  background  observed  in  a  mock  immunopre- 
cipitation  with  IgG. 


AR  binding  to  both  the  PSA  enhancer  and  promoter  in  the  AD 
samples  was  detectable  well  above  the  IgG  background  (Fig.  4, 
autoradiographs).  AR  binding  to  the  enhancer  and  promoter  was 
specific  because  it  was  minimal  within  the  middle  intervening  region 
and  exon  5.  Remarkably,  AR  bound  nearly  as  well  to  the  promoter  and 
enhancer  in  the  AI  samples,  demonstrating  that  it  was  fully  functional 
in  the  presence  of  androgen  withdrawal  in  a  recurrent  tumor. 

The  ChIP  results  were  consistent  when  normalized  to  the  signal 
from  input  DNA  and  averaged  among  three  experiments.  The  binding 
of  AR  to  the  enhancer  in  AI  tumors  was  typically  only  20%  lower  than 
in  AD  tumors  (Fig.  4,  graph).  In  contrast,  on  ADc  the  binding  of  AR 
to  the  enhancer  and  promoter  decreased  4-fold.  There  is  still  evidence 
of  specific  AR  binding  in  ADc,  because  the  signals  on  the  enhancer 
and  promoter  are  above  the  IgG  background.  The  residual  binding  can 
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Fig.  4.  Chromatin  immunoprecipitation  assays 
in  LAPC9  tumors.  The  diagram  in  the  top  panel 
describes  the  PSA  regulatory  region.  Short  black 
line  underneath  indicates  the  positions  targeted  by 
PCR.  Enh,  enhancer  core;  Mid,  intervening  region; 
Pro,  proximal  promoter;  £x5,  PSA  exon  5  (for 
sequence  coordinates  see  “Materials  and  Meth¬ 
ods”).  Tumors  were  isolated  from  mice  sacrificed 
at  day  1 0  (6  days  after  castration  for  ADc),  minced, 
cross-linked  with  formaldehyde,  and  immunopre- 
cipitated  with  anti-AR  or  a  IgG  (mock).  Autoradio¬ 
graphs  of  the  multiplex  PCR  reactions  are  shown 
for  AD,  AI,  and  ADc  tumors.  Input  represents  2% 
of  the  DNA  added  to  the  immunoprecipitation  re¬ 
action.  Graph  of  multiple  tumor  ChIP  analyses.  The 
band  intensities  were  analyzed  using  ImageQuant. 
Background  values  from  a  mock  (IgG)  ChIP  were 
subtracted  from  each  band  and  normalized  to  the 
signal  from  input  DNA.  Bars,  ±SD  of  three  values 
obtained  in  independent  experiments. 


Enh 

Mid 

Pro 

i  . jmkmrzz 

IH _ 

Enhancer 

core 

f  Intervening  region 

Proximal  promoter 

PSAcxon  5 

be  explained  in  part  by  the  cytology  data  in  which  some  AR  remains 
in  the  nucleus  even  in  ADc.  Additionally,  the  PSA  levels  and  imaging 
signals  do  not  decrease  to  baseline  in  ADc  but  drop  transiently  as  the 
tumor  begins  to  transition  to  AI.  This  suggests  that  a  small  amount  of 
residual  AR-dependent  PSA  gene  transcription  occurs  in  the  presence 
of  castrate  levels  of  ligand. 

We  initiated  a  mechanistic  study  to  examine  how  transcription 
complexes  respond  to  the  presence  and  absence  of  hormone.  We 
began  by  analyzing  pol  II,  which  should  be  found  in  both  promoter- 
bound  and  elongating  positions  when  the  PSA  gene  is  transcription¬ 
ally  active  (Fig.  5).  Elongating  pol  II  was  measured  by  its  binding  to 
exon  5,  which  is  easily  discriminated  from  its  binding  to  the  promoter. 
As  predicted,  pol  II  binding  was  observed  at  both  the  promoter  and 
downstream  exon  5  in  the  AD  and  AI  tumors.  However,  the  ratio  of 
the  signal  at  exon  5  versus  the  proximal  promoter  shows  that  in  AD 
and  AI  tumors  pol  II  is  primarily  localized  at  exon  5. 

Remarkably,  in  ADc  tumors  after  castration,  pol  II  remained  bound 
to  the  gene  at  levels  similar  to  those  seen  in  AD  tumors.  However,  pol 
II  was  positioned  primarily  at  the  promoter  instead  of  exon  5  (Fig.  5, 
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Fig.  5.  ChIP  analysis  of  RNA  polymerase  II  and  TFIIB  from  LAPC9  tumors.  The 
bands  are  described  in  the  Fig.  6  legend.  Representative  experiments  from  AD,  AI,  and 
ADc  tumors  are  shown.  The  top  panels  are  pol  II,  and  the  bottom  panels  are  TFIIB. 


top,  compare  ratio  of  exon  5  to  promoter).  The  overall  amounts  of  the 
general  factor  TFIIB  present  at  the  PSA  promoter  also  did  not  change 
in  AD,  ADc,  and  AI.  Our  interpretation  of  these  findings  is  that  the 
transcription  complex  remains  intact  after  androgen  deprivation,  but  a 
greater  fraction  of  pol  II  is  not  actively  transcribing  in  ADc  versus  AD 
and  AI.  A  scatter  plot  summarizing  four  representative  experiments  is 
shown  in  Supplementary  Data  Fig.  2. 

Visualizing  the  AD-AI  Transition.  The  original  goal  in  develop¬ 
ing  the  TSTA  system  was  to  monitor  the  loss  and  gain  of  AR- 
mediated  transcription  over  time  in  a  single  individual  as  a  tumor 
transitioned  from  ADc  to  AI.  In  a  human,  the  failure  of  androgen 
deprivation  therapy  occurs  gradually  over  a  period  of  time  that  can 
vary  from  weeks  to  years.  The  LAPC9  models  were  originally  adapted 
to  an  androgen-rich  environment  in  immunodeficient  male  mice  and 
then  trained  to  grow  in  an  AI  manner  in  castrate  or  female  mice,  a 
process  that  can  take  months.  However,  we  have  found  that  the 
transition  from  AD  to  recurrent  growth  occurs  rapidly  as  the  tumor 
grows  larger.  In  some  animals  the  transition  occurs  quickly  enough  to 
monitor  it  over  a  short  period  of  time  as  opposed  to  studying  estab¬ 
lished  AI  tumors.  The  data  in  Fig.  6  illustrate  a  typical  example  of  an 
animal  undergoing  the  transition. 

In  this  animal,  we  injected  the  AdTSTA  virus,  imaged  4  days  later, 
and  then  castrated  the  animal  when  the  tumor  reached  1  cm.  We 
observed  that  the  PSA  levels  initially  dropped  up  to  2.4-fold  by  day 
10,  6  days  postcastration,  and  then  began  rising  again  up  to  day  17. 
Over  this  same  time  frame,  the  imaging  signal  was  high  on  day  4, 
reached  a  minimum  by  day  10,  and  then  gradually  rose  again  by  day 
17  (Fig.  6,  top). 

ChIP  and  immunohistochemical  analyses  on  the  tumor  from  the 
sacrificed  animal  revealed  that  AR  resumed  its  nuclear  localization 
and  was  bound  primarily  to  the  PSA  enhancer,  whereas  pol  II  was 
found  predominantly  in  the  elongating  state  at  exon  5  (Fig.  6,  bottom). 
In  short,  we  show  an  example  where  AR  has  adapted  to  the  androgen- 
deprived  environment  and  resumed  activity  in  the  AI  state  as  meas¬ 
ured  by  gene  expression-based  imaging,  immunohistochemistry,  and 
ChIP. 


DISCUSSION 

AR  Function  in  Recurrent  Cancer.  The  natural  response  of  pros¬ 
tate  cancer  to  DHT  withdrawal  is  transition  to  the  recurrent  state.  In 
men,  localized  cancer  can  be  treated  surgically,  but  metastasized 
cancers  become  refractory  to  androgen  withdrawal  and  resume 
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Fig.  6.  Dynamic  AR  signaling.  A  SCID  mouse  bearing  an  LAPC9  AD  tumor  was  injected  with  AdTSTA,  imaged,  and  castrated.  The  top  panel  shows  the  entire  time  course  with 
signals  adjusted  to  the  same  color  scale.  Imaging  measurements  and  PSA  levels  determined  by  serum  ELISA  are  shown  below  the  images.  Bottom  left  panel,  the  tumors  were  extracted 
and  subjected  to  immunohistological  staining  with  AR  antibodies.  Bottom  right  panel ,  a  ChIP  assay  of  the  extracted  tumors  with  IgG,  AR  and  pol  II  antibodies. 

growth.  The  ability  to  recapitulate  the  transition  to  the  recurrent  state  ers  and  monitor  their  activity  in  live  animals.  By  cloning  the  PSA- 

in  xenograft  models  has  provided  a  powerful  tool  for  studying  prostate  based  TSTA  cassette  into  adenovirus  we  generated  a  tool  to  monitor 

tumor  biology.  The  xenograft  animals  display  the  typical  loss  and  then  AR  function  during  tumor  progression  from  the  AD  to  recurrent  state, 

rise  again  in  PSA  levels  upon  castration.  Although  PSA  is  an  AR-  The  AdTSTA  system  was  designed  to  be  particularly  sensitive  to  AR 

regulated  gene,  there  have  been  proposals  that  other  transcription  by  manipulating  the  enhancer  region,  which  binds  multiple  molecules 

factors  may  substitute  for  AR  or  that  AR  may  be  activating  genes  by  of  AR  cooperatively.  The  system  responded  dynamically  and  sensi- 

a  nongenotropic  mechanism.  tively  to  castration  of  tumor-bearing  mice.  Typically,  imaging  signals 

Three  observations  argue  for  a  direct  restoration  of  AR  function,  decreased  more  rapidly  than  PSA  levels,  and  the  magnitude  of  the 

First,  we  redesigned  the  PSA  transcriptional  regulatory  region  to  decrease  was  greater  with  the  imaging  system  (10 -20-fold)  than  PSA 

dramatically  increase  its  response  to  AR.  The  modified  PSA  regula-  (2— 3-fold).  The  short  half-life  of  firefly  luciferase  (~12  h  in  the 

tory  region  was  then  built  into  a  TSTA  cassette  to  amplify  its  potency  tumor)  and  the  fact  that  it  is  an  intracellular  protein  may  have 

for  use  in  live  animal  imaging.  The  imaging  signals  in  recurrent  contributed  to  the  enhanced  sensitivity  of  the  imaging  signal.  PSA  is 

tumors  strongly  suggest  that  AR  is  fully  active.  Furthermore,  we  could  a  secreted  protein  that  exists  both  in  the  cell  and  serum.  PSA  half-life 

monitor  the  transition  of  an  AD  tumor  to  a  recurrent  state  in  a  single  and  secretion  rates  are  likely  to  respond  variably  to  the  tumor  envi- 

individual,  and  visualize  the  loss  and  gain  of  AR  activity  during  tumor  ronment  and  may  not  provide  an  immediate  measure  of  AR  activity, 

progression.  Second,  immunohistochemistry  on  the  xenograft  tumors  The  TSTA  system  is  versatile  and  modular.  We  have  now  corn- 
showed  that  AR  localization  was  diffuse  on  androgen  withdrawal  but  pleted  cloning  of  shuttle  vectors  in  which  the  reporter  gene  can  be 

became  tightly  localized  to  the  nucleus  in  recurrent  tumors  consistent  replaced  by  any  reporter  ( e.g thymidine  kinase,  green  fluorescent 

with  its  role  in  DNA  binding  and  transactivation.  Finally,  AR  bound  protein,  or  renilla  luciferase)  or  therapeutic  gene  for  imaging  or  gene 

directly  to  the  regulatory  region  of  the  PSA  gene  of  AD  tumors  as  therapy.  Furthermore,  although  we  chose  the  modified  PSA  enhancer 

measured  by  ChIP.  Although  the  bulk  of  AR  dissociated  on  castration  in  our  studies,  the  vector  can  accommodate  any  cell-specific  or  viral 

it  rebound  again  in  stable  AI  and  recurrent  tumors.  This  last  obser-  promoter.  Finally,  the  system  is  titratable.  In  our  previous  cell  culture 

vation  is  particularly  significant,  because  direct  AR  binding  to  a  study,  which  used  plasmids,  we  systematically  varied  both  the  number 

prostate-expressed  gene  has  not  been  shown  yet  in  advanced  cancer,  of  VP  16  activation  domains  attached  to  GAL4  or  the  number  of 

Molecular  Imaging  of  Prostate  Cancer.  The  TSTA  imaging  GAL4  sites  driving  the  reporter.  We  were  able  to  achieve  a  range  of 

scheme  is  a  powerful  approach  to  amplify  weak  cell-specific  promot-  activities  over  3  orders  of  magnitude.  This  variation  should  allow 
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optimization  of  signal :noise  ratios  and  amplification  of  weak  promot¬ 
ers  for  any  application.  Additionally,  the  vector  is  designed  to  replace 
the  VP  16  activation  domain  with  domains  that  respond  to  signal 
transduction  cascades.  For  example,  we  have  successfully  replaced 
VP  16  with  the  activation  domain  of  Elk-1  and  shown  that  the  system 
responds  in  a  binary  fashion  to  AR  and  signals  emanating  from  the 
MAPK  cascade. 

On  a  technical  note,  there  may  be  concerns  about  GAL4-VP16  and 
firefly  luciferase  toxicity.  However,  if  toxicity  was  a  significant  issue 
we  would  predict  that  infected  cells  would  die  rapidly  and  the  imaging 
signal  would  decay.  However,  under  the  conditions  used  in  our  study 
we  were  able  to  obtain  persistent  imaging  signals  in  tumors  over  the 
course  of  the  experiments,  which  can  last  up  to  a  month.  Also,  the 
virus  is  not  unusually  toxic  in  cell  culture,  where  cells  appear  to  divide 
after  infection.  Our  ability  to  use  low  doses  of  virus  in  the  animal 
studies  may  permit  a  less  immunogenic  response  and  enable  us  to 
transit  the  system  into  non-SCID  prostate  models  and  transgenic 
animals. 

Mechanism  of  AR  Activation.  The  mechanism  by  which  AR  is 
reactivated  in  tumors  has  been  the  subject  of  much  research  and  is 
commented  on  in  the  “Introduction.”  There  are  several  interconnected 
issues  including  how  does  AR  localize  to  the  nucleus  in  the  presence 
of  castrate  amounts  of  ligand,  and  how  does  it  bind  DNA  and  function 
in  such  an  environment? 

AR  overexpression,  ligand-binding  domain  mutations,  and  MAPK 
signaling  have  all  been  proposed  as  possible  mechanisms  to  facilitate 
AR  translocation  and  activity.  Overexpression  of  SRC-1  and  -2  co¬ 
activators  has  also  been  observed  in  some  prostate  tumors  and  may 
facilitate  AR  function.  We  have  made  two  observations  that  bear  on 
this  issue.  First,  the  AR  levels  in  our  recurrent  tumors,  when  normal¬ 
ized  to  /3-tubulin  using  a  human  specific  antibody,  are  not  dramati¬ 
cally  higher  than  those  in  AD  tumors  (Supplementary  Data,  Fig.  3). 
We  have  also  measured  SRC-1,  -2,  and  -3  levels,  and  they  vary  less 
than  a  few-fold  among  LAPC9  cancers.  Thus,  the  localization  of  AR 
to  the  nuclei  of  recurrent  tumors  is  not  because  of  overexpression, 
which  may  bypass  the  normal  cell  trafficking  checkpoints.  Second, 
the  AR  gene  in  the  LAPC9  tumor  model  has  been  sequenced  and  does 
not  contain  mutations  in  the  ligand-binding  domain,  which  might 
permit  use  of  alternative  ligands.  Furthermore,  if  somehow  the  tumors 
were  adapting  to  castration  by  hyperactivating  pathways  that  convert 
adrenal  androgen  to  DHT,  we  would  have  expected  to  see  gradual 
increases  in  serum  DHT  over  time.  However,  circulating  levels  of 
DHT  in  the  LAPC9  mice  drop  up  to  85%  immediately  after  castration 
and  remain  at  castrate  levels  throughout  tumor  growth.  Finally,  it  is 
plausible  that  MAPK  pathways  are  influencing  AR  translocation.  We 
note  that  the  particular  tumor  model  we  use,  LAPC9,  has  been  shown 
to  display  elevated  EGF  receptor  and  MAPK  signaling  (31). 

Transcription  Complex  Assembly  by  AR.  The  binding  of  AR  to 
the  PSA  enhancer  paralleled  increased  serum  PSA  levels,  the  imaging 
signal,  and  AR  cellular  localization  in  both  AD  and  AI  cancer. 
Although  AR-enhancer  binding  decreased  4-fold  in  ADc  it  increased 
again  in  AI  cancer.  As  mentioned  previously,  PSA  levels  do  not 
disappear  completely  in  ADc  but  transiently  plateau  or  drop  as  the 
tumors  adapt.  This  observation  can  be  explained  by  the  fact  that  a 
subset  of  tumor  cells  from  castrated  animals  still  display  AR  nuclear 
localization  and  residual  AR  binding  to  the  enhancer. 

Although  our  data  do  not  illuminate  the  precise  mechanism  of  AR 
reactivation  they  provide  insight  into  how  the  AD-AI  transition  may 
be  facilitated.  The  most  intriguing  result  is  that  although  castration 
causes  75%  of  AR  to  dissociate  from  the  PSA  enhancer,  the  levels  of 
bound  TFIIB  and  pol  II  remain  unchanged.  However,  castration  did 
result  in  redistribution  of  pol  II  from  exon  5  to  the  promoter.  These 
observations  suggest  that  transcription  complexes  do  not  disappear 


but  remain  poised  to  facilitate  reactivation  of  AR-mediated  tran¬ 
scription. 

AR  and  pol  II  are  known  to  cycle  on  and  off  the  promoter  during 
gene  activation  in  LNCaP  cells  (15,  17).  The  peaks  of  AR  and 
subsequent  pol  II  binding  after  androgen  addition  do  not  coincide, 
suggesting  that  AR  can  leave  while  pol  II  is  engaging  the  promoter. 
Analysis  of  genes  such  as  al-AT  have  also  established  that  pol  II  can 
be  bound  with  general  factors  such  as  TFIIB  in  a  quiescent  state, 
before  binding  of  the  activator  (53).  These  data  along  with  older 
studies  of  the  heat  shock  locus  in  Drosophila  (54)  indicate  that  a 
prepoised  pol  II  may  provide  a  mechanism  for  maintaining  promoter 
accessibility  during  a  transcriptionally  inactive  state.  The  factors  that 
control  pol  II  redistribution  are  unknown.  However,  mutations  in 
forkhead  transcription  factors  in  yeast  are  known  to  cause  redistribu¬ 
tion  of  pol  II  to  the  promoter  (55).  It  is  plausible  that  the  poised 
complexes  may  be  sensitive  to  lower  levels  of  functional  AR,  thereby 
allowing  activation  in  the  absence  of  physiological  levels  of  DHT.  We 
are  currently  pursuing  the  mechanism  of  this  effect. 
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Gene  expression-based  imaging  coupled  to  gene  therapy  will  permit  the  prediction  of  therapeutic 
outcome.  A  significant  challenge  for  successful  gene  therapy  is  to  achieve  a  high-level  of  specific 
gene  expression;  however,  tissue-specific  promoters  are  weak.  We  postulate  that  if  the  weak 
activity  of  tissue-specific  promoters  can  be  amplified  to  the  levels  of  strong  viral  promoters,  which 
have  been  successful  in  preclinical  scenarios,  while  retaining  specificity,  the  therapeutic  index  of 
gene  therapy  can  be  greatly  augmented.  With  this  in  mind,  we  developed  a  two-step  transcrip¬ 
tional  activation  (TSTA)  system.  In  this  two-tiered  system,  a  modified  prostate-specific  antigen 
promoter  was  employed  to  drive  a  potent  synthetic  transcriptional  activator,  GAL4-VP2.  This,  in 
turn,  activated  the  expression  of  a  GAL4-dependent  reporter  or  therapeutic  gene.  Here  we 
demonstrate  that  recombinant  adenoviral  vectors  (Ads)  in  which  we  have  incorporated  prostate- 
targeted  TSTA  expression  cassettes  retain  cell  specificity  and  androgen  responsiveness  in  cell 
culture  and  in  animal  models,  as  measured  by  noninvasive  optical  bioluminescence  imaging.  We 
investigated  the  mechanism  of  TSTA  in  different  adenoviral  configurations.  In  one  configuration, 
both  the  activator  and  the  reporter  components  are  inserted  into  a  single  Ad  (AdTSTA-FL).  The 
activity  of  AdTSTA-FL  exceeds  that  of  a  cytomegalovirus  promoter-driven  vector  (AdCMV-FL), 
while  maintaining  tissue  specificity.  When  the  activator  and  reporter  components  are  placed  in 
two  separate  Ads,  androgen  induction  is  more  robust  than  for  the  single  AdTSTA-FL.  Based  on 
these  findings,  we  hope  to  refine  the  TSTA  Ads  further  to  improve  the  efficacy  and  safety  of 
prostate  cancer  gene  therapy. 


Key  Words:  prostate-specific  expression,  two-tiered  amplification,  androgen  regulation, 
adenoviral  vector,  optical  imaging 


Introduction 

Metastatic  and  recurrent  hormonal  refractory  prostate 
cancer  (HRPC)  account  for  an  estimated  loss  of  one  life 
every  17  minutes  in  the  United  States  [1].  Androgen  ab¬ 
lation  is  the  main  treatment  for  advanced  disease  and  can 
induce  an  initial  remission  and  achieve  symptomatic  im¬ 
provement  in  80-90%  of  patients  [2-4].  However,  pro¬ 
gression  to  HRPC  is  inevitable  even  in  the  absence  of 
circulating  androgen.  Currently,  there  is  no  effective 
treatment  for  HRPC,  and  median  survival  is  approxi¬ 
mately  12  months.  Gene-based  therapy  is  a  promising 
possibility  for  HRPC  [5,6].  However,  an  important  prereq¬ 


uisite  for  developing  a  safe  and  effective  therapy  is  to 
achieve  high  levels  of  prostate-specific  gene  expression  in 
vivo  [6]. 

The  use  of  tissue-specific  promoters  to  express  trans¬ 
genes  is  an  attractive  approach  that  is  particularly  suitable 
for  prostatic  tissue,  because  it  is  one  of  the  organs  other 
than  the  pancreas  and  breast  that  expresses  an  unusually 
high  number  of  unique  genes.  A  survey  of  the  Cancer 
Genome  Anatomy  Project  database  published  by  the  Na¬ 
tional  Cancer  Institute  (http://www.ncbi.nlm.nih.gov/ 
ncicgap /)  lists  more  than  2000  prostate-specific  genes, 
although  the  majority  of  them  are  not  fully  characterized 
at  this  time.  Many  prostate-specific  genes,  including  pros- 
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tate-specific  antigen  (PSA)  and  prostate-specific  mem¬ 
brane  antigen,  are  well  characterized  [7-12].  The  PSA  gene 
is  regulated  by  testosterone  (T)  and  dihydrotestosterone 
(DHT),  which  bind  androgen  receptor  (AR).  The  ligand- 
bound  AR  binds  directly  to  sites  within  the  PSA  promoter 
and  enhancer,  thus  activating  PSA  gene  expression 
[7,10,11].  Clinical  findings  indicate  that  AR  and  PSA  are 
expressed  in  all  stages  of  prostate  cancer  and  in  distant 
metastases,  even  after  androgen-deprivation  therapy  [13- 
16].  Currently,  serum  PSA  measurements  remain  the  most 
reliable  means  to  detect  recurrent  HRPC  [17].  Numerous 
studies  support  the  likelihood  that  the  AR  pathway  is  still 
functioning  in  HRPC  at  castrated  levels  of  DHT  and  T. 
Several  mechanisms  have  been  proposed  to  facilitate  AR 
function  under  androgen-deprived  conditions  [6,18], 
such  as  AR  overexpression  [19];  increased  expression  of 
the  nuclear  receptor  transcriptional  coactivators,  SRC-1 
and  SRC-2  [20];  AR  mutations  that  confer  expanded  li¬ 
gand  specificity  [21];  or  cross  talk  between  other  signaling 
cascades  and  AR  pathways  [22]. 

We  were  interested  in  generating  systems  for  delivery 
of  therapeutic  and  imaging  genes  to  prostate  cancer.  We 
designed  our  systems  around  the  PSA  promoter  because  of 
its  ability  to  function  in  early  androgen-dependent  pros¬ 
tate  cancer  and  in  advanced-stage  HRPC  [23]  and  metas¬ 
tasis.  Although  the  native  PSA  regulatory  elements  confer 
tissue  selectivity,  their  activity  is  too  weak  to  mediate 
efficient  vector-based  gene  expression  in  vivo  [6].  There¬ 
fore,  we  have  undertaken  two  strategies  to  augment  the 
activity  of  the  PSA  promoter/enhancer,  while  maintain¬ 
ing  its  specificity.  First,  the  upstream  enhancer  core  of  PSA 
was  duplicated  in  a  construct  designated  PSE-BC,  which 
achieved  20-fold  enhancement  of  activity  compared  to 
the  native  PSA  enhancer  and  promoter  construct  [24,25]. 
An  adenoviral  vector  (Ad)  bearing  this  PSE-BC  promoter- 
driven  firefly  luciferase  (FL)  gene  was  able  to  achieve  tar¬ 
geted  expression  in  distant  metastatic  prostate  cancer 
cells  in  living  mice  [26].  In  a  second  approach,  we  em¬ 
ployed  a  two-step  transcriptional  amplification  (TSTA) 
system  both  to  elevate  and  to  modulate  the  activity  of  the 
PSA  enhancer/promoter  over  a  1000- fold  range  [27,28].  In 
this  two-tiered  system  illustrated  in  Fig.  la,  the  PSA  reg¬ 
ulatory  region  was  employed  to  express  the  potent  syn¬ 
thetic  transcription  activator,  GAL4-VP2,  which  in  turn 
activates  a  GAL4-responsive  reporter.  In  tissue  culture 
transfection  studies,  optimal  TSTA  constructs  displayed 
levels  of  activity  significantly  higher  than  the  cytomega¬ 
lovirus  immediate  early  promoter  (CMV),  while  main¬ 
taining  prostate  cell  specificity  and  ligand  responsiveness 
[27,28]. 

Imaging  of  vector-mediated  transgene  expression  pro¬ 
vides  a  critical  assessment  of  the  in  vivo  capabilities  of 
targeted  gene  transfer.  Rapid  advances  in  imaging  tech¬ 
nology  have  allowed  repetitive  monitoring  of  the  loca- 
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FIG.  1.  Schematic  representation  of  TSTA  system,  (a)  Illustration  of  the  two- 
step  transcriptional  activation  process.  In  the  first  step,  GAL4-VP2  activator 
proteins  (fusion  of  GAL4  DNA  binding  domain  and  two  copies  of  the  VP1 6 
transactivation  domain)  are  expressed  under  the  control  of  a  prostate-specific 
promoter  (an  augmented  PSA  promoter,  PSE-BC),  which  is  activated  by  an¬ 
drogen.  In  the  second  step,  GAL4-VP2  binds  to  a  GAL4- responsive  promoter 
and  activates  the  expression  of  the  Ft  reporter  gene,  (b)  The  two  different 
TSTA  configurations  in  Ad.  In  the  single  TSTA  Ad  (AdTSTA-FL),  both  activator 
and  reporter  are  inserted  into  the  El  region  of  the  same  Ad  in  a  head-to-head 
orientation.  In  the  separate  TSTA  Ads  (AdBC-VP2  and  AdG5-FL),  activator  and 
reporter  components  are  incorporated  into  the  El  region  of  two  separate  Ads 
with  the  transcription  oriented  toward  the  left  end  of  the  viral  genome.  BC  is 
the  abbreviation  of  the  PSE-BC  prostate-specific  promoter  [25].  iji  denotes  the 
packaging  signal  of  adenovirus  and  open  rectangles  at  both  termini  denote 
inverted  terminal  repeats  of  the  viral  genome. 


tion,  magnitude,  and  kinetics  of  reporter  gene  expression 
in  small  living  animals  [29-31].  Optical  bioluminescence 
imaging  (BLI)  is  particularly  suitable  for  small  animal 
studies,  with  the  distinct  advantage  of  low  background 
signal,  rapid  scanning  time,  and  low  cost  in  comparison 
to  radionuclide  imaging.  The  in  vivo  expression  of  the 
popular  FL  reporter  gene  can  be  monitored  by  a  highly 
sensitive  cooled  charge-coupled  device  (CCD)  camera  af¬ 
ter  the  administration  of  the  relatively  nontoxic  d-lucife- 
rin  substrate  in  living  animals  [32,33].  Because  imaging 
can  provide  real-time  information  on  in  vivo  biological 
processes,  the  BLI  technology  was  used  to  monitor  estro- 
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gen  receptor  function  under  physiological  conditions  and 
during  pharmacological  intervention  [34]. 

To  assess  the  potential  of  the  TSTA  system  in  gene 
therapy  applications,  we  incorporated  the  system  into  an 
Ad,  which  is  an  efficient  in  vivo  gene  delivery  vehicle.  The 
purpose  of  this  study  was  to  investigate  the  in  vivo  speci¬ 
ficity  of  and  the  parameters  necessary  to  achieve  optimal 
regulation  of  the  TSTA  system  in  different  Ad  configura¬ 
tions.  In  the  AdTSTA-FL  construct,  the  activator  and  re¬ 
porter  component  were  inserted  into  the  Ad  in  a  diver¬ 
gently  linked  head-to-head  configuration.  Alternatively, 
two  Ads  that  separately  express  the  GAL4-responsive  FL 
and  the  PSE-BC-regulated  GAL4-VP2  activator  were  also 
generated.  We  analyzed  the  prostate-specific  expression 
and  androgen  regulation  of  the  separate  TSTA  Ads  in 
comparison  to  the  single  AdTSTA-FL  in  vitro  and  in  vivo. 
We  found  that  separate  Ads  elicited  a  more  robust  re¬ 
sponse  to  androgen  versus  the  single  Ad. 

Results 

Generation  of  Adenovirus  Vectors  Containing  the 
TSTA  System 

The  TSTA  system  is  schematically  represented  in  Fig.  la. 
We  previously  determined  the  combination  of  activator 
and  reporter  plasmid  TSTA  constructs  that  achieves  the 
highest  levels  of  activity  in  prostate  cancer  cells  using 
transfection  studies  [28].  Based  on  these  results,  we  gen¬ 
erated  TSTA  Ads,  utilizing  the  bacterial  recombination 
AdEasy  methodology  [35],  The  activator  is  composed  of 
an  augmented  prostate-specific  PSE-BC  promoter/en- 
hancer  [25]  controlling  the  expression  of  the  chimeric 
activator  protein,  GAL4-VP2  (the  GAL4  DNA-binding  do¬ 
main  fused  to  two  tandem  repeats  of  the  herpes  simplex 
virus  VP16  activation  domain)  [28].  The  reporter  compo¬ 
nent  consists  of  five  repeats  of  the  17-bp  GAL4  binding 
sites  positioned  upstream  of  a  minimal  promoter  contain¬ 
ing  the  adenovirus  E4  gene  TATA  box  driving  FL.  We 
inserted  the  activator  (BC-VP2)  and  reporter  (G5-FL)  com¬ 
ponents  linked  in  a  divergent  head-to-head  orientation 
into  the  El  region  of  the  Ad,  resulting  in  the  AdTSTA-FL 
vector  (Fig.  lb).  We  also  constructed  two  Ads,  designated 
AdBC-VP2  and  AdG5-FL,  which  harbor  the  BC-VP2  acti¬ 
vator  and  the  G5-FL  reporter,  respectively  (Fig.  lb). 

Specificity  of  the  TSTA  Vectors 

We  evaluated  the  capability  of  AdTSTA-FL  to  direct  pros¬ 
tate-specific  expression  by  infecting  a  variety  of  cell  lines 
derived  from  different  tissues.  Human  serotype  5  Ad  ex¬ 
hibits  wide  cell-type  viral  tropism.  However,  the  suscep¬ 
tibility  of  a  cell  line  to  Ad  infection  is  modulated  by  the 
cell  surface  expression  of  coxsackievirus  and  adenovirus 
receptor  (CAR)  [36,37]  and  av  integrins  [38].  Thus,  a  mea¬ 
surement  of  infectivity  in  different  cell  lines  is  needed  to 
assess  the  activity  of  AdTSTA-FL.  Initially,  we  determined 
relative  infectivity  of  different  cells  by  normalization  to 


the  activity  of  AdCMV-FL,  in  which  the  FL  expression  is 
driven  by  the  constitutively  active  CMV  promoter.  Our 
view  was  that  similar  pfu  (plaque-forming  unit)  amounts 
of  AdTSTA-FL  and  AdCMV-FL  should  display  similar  in¬ 
fectivity.  Thus,  differences  in  the  activity  of  AdCMV-FL  in 
different  lines  would  represent  a  standard  for  normalizing 
infectivity  of  AdTSTA-FL.  However,  two  findings  alerted 
us  to  the  potential  inaccuracy  of  this  measurement:  (1)  a 
3-  to  4-fold  androgen  induction  was  noted  in  the  Ad- 
CMV-FL-infected  prostate  cell  lines  (data  not  shown)  and 
(2)  a  greater  than  30-fold  difference  in  activity  was  ob¬ 
served  between  the  most  and  the  least  active  cell  lines 
infected  with  equivalent  doses  of  AdCMV-FL  (data  not 
shown).  Discrepancy  between  luciferase  activity  and 
physical  viral  DNA  measurement  mediated  by  AdCMV- 
luc  in  different  cell  types  has  been  reported  [39].  An  ideal 
assay  to  measure  infectivity  is  not  available. 

In  this  study  we  elected  to  use  the  viral  DNA  uptake  in 
the  cells  as  a  measurement  of  infectivity.  We  harvested 
the  internalized  viral  DNA  from  infected  cells  and  quan¬ 
tified  the  FL  DNA  by  real-time  PCR.  We  determined  the 
infectivities  of  LNCaP  and  LAPC-4  (prostate  carcinoma), 
H157  and  A549  (lung  cancer),  MCF-7  (breast  carcinoma), 
HepG2  (liver  cancer),  and  HeLa  (cervical  carcinoma)  cell 
lines  by  this  viral  DNA  uptake  approach.  Among  the 
panel  of  cell  lines  that  we  tested,  HeLa  cells  were  the  least 
susceptible  to  infection  and  their  infectivity  was  desig¬ 
nated  as  1.  The  infectivities  of  LNCaP,  HI 57,  A549,  MCF7, 
LAPC-4,  and  HepG2  cells  were  1.7-,  1.6-,  1.5-,  1.3-,  1.1-, 
and  1.1-fold  higher  than  that  of  HeLa  cells,  respectively. 
Differential  CAR  expression  in  different  stages  of  prostate 
carcinoma  [40]  might  contribute  to  the  enhanced  infec¬ 
tion  in  LNCaP  cells. 

We  evaluated  the  activity  of  AdTSTA-FL  in  several  pros¬ 
tate  cancer  cell  lines,  including  two  androgen-responsive 
cell  lines  (LNCaP  and  LAPC-4  [41])  and  two  AR-negative 
lines  (DU  145  and  PC-3).  Infection  was  carried  out  at  a 
calculated  AdTSTA-FL  dosage  of  1  infectious  unit  (pfu)  per 
cell  (m.o.i.  1).  The  normalized  FL  activity  in  LAPC-4  was 
4.4-fold  lower  than  LNCaP  (see  Fig.  5b  and  data  not 
shown).  Conversely,  the  FL  activity  in  AR-negative  pros¬ 
tate  cancer  lines  was  negligible  (nearly  500-fold  lower 
than  in  LNCaP  cells,  data  not  shown).  For  simplicity,  we 
compared  the  normalized  FL  activities  to  that  of  the  LN¬ 
CaP  cell  line,  set  at  100%  (Fig.  2a).  The  activity  in  A549,  F2 
H157,  HepG2,  HeLa,  and  MCF7  cells  was  290-,  1200-, 
4500-,  6000-,  and  20,000-fold  lower  than  in  LNCaP  cells, 
respectively  (Fig.  2a).  The  FL  activity  in  nonprostate  cell 
lines  and  AR-negative  prostate  cancer  lines  was  not  in¬ 
duced  by  androgen  (data  not  shown).  We  also  observed 
consistent  diminished  cell-specific  expression  in  infec¬ 
tions.  At  higher  m.o.i.  the  cell  specificity  became  less 
apparent  due  to  higher  androgen-independent  or  basal 
activity,  an  effect  that  we  do  not  completely  understand 
(data  not  shown).  For  example,  AdTSTA-FL-mediated  ac¬ 
tivity  in  HeLa  cells  at  m.o.i.  10  was  660-fold  lower  than  in 
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FIG.  2.  Cell  specificity  of  the  TSTA  Ad.  (a)  In  vitro  cell  specificity  of  AdTSTA-FL.  The  prostate  cell  line  LNCaP  and  nonprostate  cell  lines  were  infected  with 
AdTSTA-FL  at  m.o.i.  1 .  Cells  were  harvested  and  subjected  to  an  FL  assay  48  h  after  infection.  FL  activity  was  normalized  to  cell  numbers  and  infectivity  of  each 
cell  line  as  assayed  by  real-time  PCR  (see  Materials  and  Methods).  FL  activity  was  plotted  for  each  cell  line  using  LNCaP  (an  androgen-responsive  prostate 
carcinoma  line)  as  a  normalization  standard,  set  at  100%.  The  activities  in  nonprostate  cell  lines  are  more  than  290-fold  lower  than  in  LNCaP.  (b)  In  vivo  tissue 
specificity  of  AdTSTA-FL.  1 07  pfu  (plaque-forming  units  =  infectious  units)  of  Ad  was  injected  into  naive  mice  via  the  tail  vein  and  FL  expression  was  sequentially 
monitored  by  optical  imaging  at  days  3,  6,  and  22.  Robust  liver  signals  were  noted  in  the  AdCMV-FL-injected  animals  starting  at  day  3  and  increasing  from  that 
point  onward.  The  AdTSTA-FL-injected  animals  remained  transcriptionally  silent  until  day  22,  when  a  weak  signal  was  noted  in  the  lung.  Numbers  below  the 
images  are  the  maximal  activities  in  the  region  of  interest  as  photons  (p)  acquired  per  second  per  square  centimeter  per  steridan  (sr).  (c)  Optical  activities  in  the 
isolated  organs.  Two  additional  animals  (nl  and  n2)  from  the  AdCMV-FL-  or  AdTSTA-FL-injected  group  were  sacrificed  at  day  22,  and  the  isolated  organs  were 
reimaged.  The  liver  is  the  predominant  site  of  expression  in  AdCMV-FL-injected  animals.  Low  level  of  expression  in  the  lung  was  observed  in  the  AdTSTA-FL- 
injected  animals  (br,  brain;  lu,  lung;  Iv,  liver;  and  pr,  prostate). 


LNCaP  cells,  compared  to  6000-fold  at  m.o.i.  1  (data  not  imals  are  less  well  controlled.  We  employed  CCD  imaging 
shown;  see  Discussion).  to  monitor  in  vivo  expression  over  a  22-day  period.  Fig.  2b 

We  next  investigated  the  specificity  of  the  single  AdT-  illustrates  the  optical  imaging  profiles  of  animals  that 
STA-FL  in  vivo .  We  compared  its  activity  to  that  of  Ad-  received  systemic  administration  of  AdTSTA-FL  or  Ad¬ 
CMV-FL,  because  vector  DNA  quantitation  studies  in  an-  CMV-FL.  A  robust  signal  emanating  from  the  midsection 
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FIG.  3.  In  vivo  FL  expression  mediated  by  single  and  separate  TSTA  Ads  in  LAPC-4  xenografts  and  prostates,  (a)  Optical  signals  after  injections  of  the  respective 
Ads  in  LAPC-4  tumors.  1 07  or  1 08  pfu  of  Ads  (as  specified)  was  injected.  The  injection  of  separate  Ads  denotes  the  coadministration  of  both  AdBC-VP2  and 
AdG5-FL  at  the  specified  dosage.  CCD  images  of  representative  animals  analyzed  at  4  days  postinjection  were  shown,  (b)  Kinetics  of  FL  expression  in  LAPC-9 
tumors.  107  pfu  of  AdCMV-FL  or  AdTSTA-FL  was  injected  intratumorally.  Optical  signals  were  monitored  on  the  specified  days  after  viral  injection.  The  number 
below  each  image  represents  the  maximal  signal  over  the  tumor.  The  graph  on  the  right  represents  the  averaged  serum  PSA  level  measured  in  the  animals  at 
the  specified  days  post-viral  injection. 


of  mice  injected  with  AdCMV-FL  via  the  tail  vein  was  seen 
as  early  as  3  days  postinjection,  which  we  determined  was 
due  to  efficient  liver  transduction  as  assessed  by  imaging 
of  isolated  organs  (Figs.  2b  and  2c).  In  contrast,  the  AdT- 
STA-FL-injected  animals  did  not  have  detectable  signals 
until  a  late  time  point  (day  22),  which  signals  then  ap¬ 
peared  in  the  lung  (Figs.  2b  and  2c);  however,  this  signal 
is  more  than  3  orders  of  magnitude  lower  than  tumor- 
directed  expression  (see  Fig.  3).  The  absence  of  optical 
signal  in  the  prostate  after  tail  vein  injection  of  AdT¬ 
STA-FL  is  unclear  at  this  time.  However,  limitations  of  in 
vivo  Ad  distribution  that  result  in  low  gene  transfer  to 
organs  other  than  mouse  liver  have  been  well  docu¬ 
mented  [42].  We  expand  on  these  issues  under  Discus¬ 
sion. 

We  next  evaluated  intratumoral  activity  mediated  by 


both  single  and  separate  TSTA  Ads  in  LAPC-4  xenografts, 
which  were  derived  from  a  lymph  node  metastatic  lesion 
from  a  patient  [41].  LAPC-4  expresses  PSA  and  AR  and 
exhibits  androgen-responsive  gene  expression  and 
growth.  Fig.  3a  shows  that  intratumoral  injection  of  107 
pfu  of  the  single  AdTSTA-FL  resulted  in  a  robust  signal  at 
4  days  postinjection,  compared  to  AdCMV-FL.  In  a  cohort 
of  four  animals,  the  average  activity  of  AdTSTA-FL  was 
110-fold  higher  than  that  seen  with  AdCMV-FL  (P  = 
0.06). 

Cancer-specific  gene  therapy  based  on  activation  of  a 
toxic  gene  by  the  Cre/lox  recombination  system  delivered 
by  separate  two  Ads  has  been  reported  to  work  in  animals 
[43,44].  However,  in  vivo  transduction  of  the  two  paired 
TSTA  Ads,  AdBC-VP2  and  AdG5-FL,  into  the  same  cell,  is 
anticipated  to  be  less  effective  than  delivery  of  a  single 
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vector  containing  both  elements.  Thus,  it  is  not  surprising 
that  injection  of  107  pfu  of  each  of  the  two  Ads  resulted  in 
lower  optical  signal  (2  x  10s  photons/s/cm2/sr)  versus 
single  Ad  (4  X  108  photons/s/cm2/sr).  When  the  dose  of 
the  two  paired  TSTA  Ads  was  increased  to  108  pfu  each, 
expression  level  (2  x  107  photons/s/cm2/sr)  higher  than 
that  of  107  pfu  of  AdCMV-FL  (9  x  10s  photons/s/cm2/sr) 
was  achieved  (Fig.  3a).  However,  this  magnitude  of  activ¬ 
ity  is  still  lower  than  can  be  achieved  by  107  pfu  of 
AdTSTA-FL  (4  x  108  photons/s/cm2/sr). 

We  examined  the  kinetics  of  expression  after  intratu- 
moral  delivery  of  107  pfu  of  AdCMV-FL  and  AdTSTA-FL 
into  LAPC-9  tumors.  The  LAPC-9  xenograft  expresses  AR 
and  PSA  and  was  derived  from  a  bone  metastasis  [41]. 
Sequential  optical  images  between  5  and  13  days  post- 
viral  injection  were  recorded  (Fig.  3b).  The  TSTA  vector 
displayed  50-  to  100-fold  higher  levels  of  FL  activity  than 
the  AdCMV-FL  during  this  period  (Fig.  3b).  The  increasing 
serum  PSA  levels  in  both  groups  likely  reflect  the  increase 
in  tumor  mass  over  the  duration  of  the  time  course  (Fig. 
3b,  right).  However,  despite  the  consistent  increase  in 
serum  PSA  levels  the  intratumoral  FL  signals  gradually 
decayed  after  day  7  in  both  the  AdCMV  and  the  AdTSTA 
cohorts  (Fig.  3b)  due  to  the  transient  nature  of  Ad-medi¬ 
ated  gene  expression.  The  LAPC-9  tumors,  like  the  LAPC-4 
tumors,  show  a  propensity  for  vector  leakage  into  sys¬ 
temic  circulation.  However,  we  consistently  observed  a 
greater  magnitude  of  leakage  in  LAPC-4  tumors,  which 
was  manifested  as  prominent  signals  in  the  liver  after 
intratumoral  injection  of  AdCMV-FL  [26].  Because  both 
vectors  (TSTA  and  CMV)  are  serotype  5  adenovirus  with 
the  same  deletion  of  the  El  and  E3  genes,  their  biodistri¬ 
bution  in  mice  should  not  differ.  Intratumoral  injection 
of  AdTSTA-FL  should  result  in  the  same  extent  of  vector 
leakage  as  AdCMV-FL.  However,  no  detectable  liver  signal 
was  observed  after  intratumoral  injection  of  AdTSTA-FL. 
This  finding  supports  our  view  that  the  prostate  specific¬ 
ity  of  TSTA  is  able  to  prevent  expression  of  FL  in  the  liver. 

Androgen  Regulation  of  the  TSTA  Ads 
To  determine  if  TSTA  Ads  respond  to  androgen  regulation 
in  vivo  we  assessed  FL  expression  in  the  prostates  of  intact 
and  castrated  male  SCID  mice  (Fig.  4).  We  injected  106  pfu 
of  AdTSTA-FL  or  108  pfu  each  of  AdBC-VP2  and  AdG5-FL 
into  the  prostate  glands  of  cohorts  of  either  intact  male 
mice  or  mice  castrated  7  days  prior  to  injection  (andro¬ 
gen-deprived  group).  The  intact  males  infected  with  the 
single-  or  two-virus  TSTA  vectors  displayed  significant 
optical  signals  compared  to  the  castrated  mice.  We  con¬ 
clude  that  both  vector  systems  are  responding  to  andro¬ 
gen  depletion  in  vivo  (Fig.  4a).  The  FL  expression  level  of 
a  100-fold  higher  dose  of  the  separate  TSTA  Ads  was 
20-fold  greater  than  that  of  the  single  AdTSTA-FL  (Fig.  4a, 
graphs).  We  also  observed  androgen  regulation  of  AdT- 
STA-FL  in  the  prostate  gland  when  castration  was  per¬ 
formed  30  days  postinjection,  after  FL  expression  had 


stabilized.  In  this  case  a  3-fold  drop  in  expression  was 
observed  3  days  after  castration  (Fig.  4b). 

To  investigate  androgen  regulation  of  the  TSTA  Ads  in 
more  detail,  we  employed  cell  culture  infection  studies,  in 
which  the  concentration  of  androgen  and  its  antagonists 
could  be  carefully  manipulated.  We  infected  two  andro¬ 
gen-dependent  prostate  cancer  cell  lines,  LNCaP  and 
LAPC-4,  with  TSTA  Ads  at  different  m.o.i.  and  androgen 
concentrations.  Androgen  levels  in  the  medium  were  ma¬ 
nipulated  by  adding  R1881  (methylenetrienolone),  a  syn¬ 
thetic  androgen  that  is  more  stable  than  DHT  under  cul¬ 
ture  conditions.  The  antagonist  Casodex  was  used  to 
minimize  residual  androgen  activity  in  the  charcoal- 
stripped  serum  because  even  low  androgen  levels  activate 
the  highly  sensitive  TSTA  system.  Both  the  activator  and 
the  reporter  TSTA  components  are  required  to  generate 
detectable  FL  in  the  two-virus  system  (Fig.  5a).  Addition-  F5 
ally,  androgen  stimulated  the  FL  activity  for  both  the 
separate  and  the  single  TSTA  Ads,  with  the  highest  activ¬ 
ity  observed  between  1  and  10  nM  R1881.  In  Fig.  5b, 
AdTSTA-FL  demonstrates  a  clear  m.o.i.-  and  R188 1-depen¬ 
dent  increase  in  FL  activity.  In  the  presence  of  1  nM 
R1881,  activity  increased  27-fold  from  m.o.i.  0.1  to  m.o.i. 

1  in  LNCaP  cells  and  96-fold  from  m.o.i.  1  to  m.o.i.  10  in 
LAPC-4  cells. 

We  also  quantitated  the  androgen  response  of  TSTA 
Ads  by  calculating  the  fold  induction,  based  on  the  ratio 
of  the  highest  activity  at  10  nM  R1881  over  the  basal 
activity  in  the  presence  of  Casodex.  Both  separate  and 
single  TSTA  Ads  exhibited  high  levels  of  androgen  induc¬ 
tion  in  LNCaP  and  LAPC-4  cells.  The  androgen  induction 
observed  in  infections  at  m.o.i.  1  and  5  of  separate  Ads 
were  672-  and  915-fold,  respectively,  in  LNCaP  cells,  and 
52-  and  67-fold,  respectively,  in  LAPC-4  cells.  The  andro¬ 
gen  induction  mediated  by  the  single  AdTSTA-FL  was  117- 
and  101-fold  at  m.o.i.  1  and  5  in  LNCaP  cells,  respectively, 
and  35-  and  24-fold  in  LAPC-4  cells  at  m.o.i.  1  and  5, 
respectively.  The  single  AdTSTA-FL  displayed  diminished 
androgen  inducibility  compared  to  separate  TSTA  Ads. 
This  point  is  illustrated  in  Fig.  5c  by  a  plot  of  the  relative 
induction  ratio  of  separate  Ads  to  single  AdTSTA-FL  in 
LNCaP  and  LAPC-4  cells  at  the  two  different  m.o.i.  The 
lower  inducibility  of  AdTSTA-FL  is  not  due  to  a  lower 
maximal  activity,  but  to  a  higher  basal  activity  (in  the 
presence  of  Casodex).  Because  this  higher  basal  activity 
could  potentially  contribute  to  reduced  specificity,  we 
investigated  the  activation  mechanism  of  TSTA  Ads  in 
more  detail. 

Investigating  the  Activation  Mechanism  in  Single 
and  Separate  TSTA  Ads 

To  investigate  the  mechanism  responsible  for  differences 
in  androgen  induction,  we  analyzed  FL  activity  and  acti¬ 
vator  protein  expression  profiles  over  a  wide  range  of 
infection  ratios.  LNCaP  cells  were  infected  with  AdT- 


Molecular  Therapy  Vol.  00,  No.  0,  Month  2003 
Copyright  ©  The  American  Society  of  Gene  Therapy 


63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 
100 
101 
102 

103 

104 

105 

106 

107 

108 

109 

110 
111 
112 

113 

114 

115 

116 


3.0e+05  4.4e+05  5.6e+05  1.9e+05 


1.2e+4 

liver 


5.5e+3 

kidney 


6.1  e+5 
prostate 


FIG.  4.  Intra prostatic  signals  in  intact  and  castrated  animals,  (a)  AdTSTA-FL  (106  pfu)  or  AdBC-VP2  and  AdG5-FL  (108  pfu  each)  were  injected  into  the  prostate 
of  intact  and  castrated  male  SCID  (7-days  postcastration).  The  images  were  taken  4  days  after  viral  injection.  In  each  group,  n  is  ^  3  animals.  The  averages  and 
standard  errors  are  plotted  on  the  right.  The  FL  signals  in  the  castrated  animals  were  4.7  X  103  and  9.6  x  103  with  single  and  separate  TSTA  Ad,  respectively. 
The  significance  between  intact  and  castrated  animals  is  denoted  in  each  graph  as  the  P  value,  (b)  The  FL  signal  mediated  by  AdTSTA-FL  in  the  same  animal  before 
and  after  castration.  1 07  pfu  of  AdTSTA-FL  was  injected  into  prostate  in  intact  SCID  mice.  Days  post-intraprostatic  viral  injection  are  indicated  above  the  mouse 
images.  The  animal  was  castrated  at  day  31  and  reimaged  at  day  35  (4  days  postcastration).  The  animal  was  sacrificed  at  1 1  days  postcastration  (day  42).  The 
prostate  gland  was  the  predominant  site  of  expression.  The  optical  activity  is  specified  below  each  image. 


STA-FL  at  m.o.i.  of  50,  16.7,  5.6, 1.9,  0.62,  and  0.21  (three¬ 
fold  serial  dilutions).  For  the  separate  system,  we  added 
AdBC-VP2  and  AdG5-FL  at  the  indicated  m.o.i.  to  gener¬ 
ate  levels  of  activator  and  reporter  gene  delivery  equiva¬ 
lent  to  those  in  the  single  AdTSTA-FL  infections.  We  dem¬ 
onstrated  by  Southern  blotting  that  equal  m.o.i.  of 
AdTSTA-FL  and  AdBC-VP2  led  to  equivalent  amounts  of 
vector  delivery  (data  not  shown).  We  then  examined  FL 
activity  and  activator  expression  48  h  postinfection,  as 
shown  in  Fig.  6.  It  is  difficult  to  compare  directly  the 
levels  of  FL  activity  of  single  and  separate  Ad  infections, 
especially  at  low  m.o.i.,  due  to  the  limited  codelivery. 
However,  both  systems  exhibited  m.o.i.-dependent  in¬ 
creases  in  activity  as  indicated  in  earlier  figures.  We  ob¬ 
served  a  saturation  of  activity  in  both  single  and  separate 
TSTA  vectors.  Overall,  the  magnitude  of  FL  activity  corre¬ 
sponded  very  well  with  the  level  of  GAL4-VP2  expression 


measured  by  Western  blotting.  In  the  single  AdTSTA-FL 
infections,  the  GAL4-VP2  expression  reached  a  maximum 
at  m.o.i.  16.7.  We  did  not  observe  a  plateau  of  activator 
expression  in  the  separate  TSTA  infections  at  the  range  of 
m.o.i.  tested.  A  surprising  finding  was  that  at  each  m.o.i., 
the  activator  expression  in  the  single  AdTSTA-FL  was  con¬ 
siderably  higher  than  that  mediated  by  the  AdBC-VP2  in 
the  separate  system,  despite  comparable  levels  of  activator 
(BC-VP2)  gene  delivery  (data  not  shown).  Given  the  fact 
that  the  same  PSE-BC  promoter-driven  GAL4-VP2  expres¬ 
sion  cassette  was  inserted  into  both  the  single  and  the 
separate  TSTA  Ads,  the  different  protein  levels  observed 
imply  that  a  property  of  the  vector  genome  context  or 
design  is  influencing  GAL4-VP2  expression.  We  propose 
in  the  Discussion  that  a  self-perpetuating  feedforward 
loop  may  be  activated  by  the  head-to-head  orientation  of 
AdTSTA-FL.  A  positive  feedback  loop  could  explain  the 
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FIG.  5.  In  vitro  expression  and  regulation  of  the  single  and  separate  TSTA  Ads.  (a)  Expression  of  TSTA  Ads  in  LAPC-4.  LAPC-4  cells  were  infected  with  Ad  at  m.o.i. 
10.  48  h  postinfection  the  cells  were  harvested  and  assayed.  Infections  with  AdBC-VP2  or  AdG5-FL  exhibited  minimal  activity.  The  FL  activities  of  co-infection 
of  separate  TSTA  Ads  increased  with  increasing  amount  of  synthetic  androgen  (R1881,  nM).  C  denotes  the  addition  of  10  jxM  Casodex  (anti-androgen),  (b) 
Androgen  regulation  of  AdTSTA-FL.  LNCaP  and  LAPC-4,  two  androgen-dependent  prostate  cell  lines,  were  infected  with  AdTSTA-FL  at  the  indicated  m.o.i.  in  the 
presence  of  Casodex  or  R1 881 .  The  FL  activities  assayed  at  48  h  postinfection  are  shown,  (c)  Relative  androgen  induction  ratio  of  the  separate  to  the  single  TSTA 
Ads.  The  cells  were  infected  at  m.o.i.  1  or  5.  Fold  induction  of  activity  was  calculated  based  on  the  ratio  of  the  peak  activity  (in  1 0  nM  R1 881)  to  the  basal  activity 
(in  10  *jlM  Casodex).  The  relative  induction  ratio  was  calculated  by  dividing  the  androgen  induction  in  the  separate  TSTA  Ads  infection  by  the  induction  in  the 
single-AdTSTA-FL-infected  cells.  The  ratio  shows  that  separate  TSTA  Ads  exhibit  higher  androgen  induction  than  the  single  Ad. 
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FIG.  6.  The  activation  mechanism  in  TSTA  Ads.  LNCaP  cells  were  infected  with 
AdTSTA-FL  at  specified  m.o.i.  For  the  separate  system,  both  AdBC-VP2  and 
AdG5-FL  were  infected  at  the  denoted  m.o.i.  The  FL  activities  and  GAL4-VP2 
activator  expression  were  examined  at  48  h  postinfection.  Western  blot  anal¬ 
ysis  is  shown  at  the  bottom.  The  GAL4-VP2  activator  was  probed  with  anti- 
GAL4  polyclonal  antibody  (see  Materials  and  Methods).  (3-Aetin  is  shown  as  a 
control. 


higher  basal  activity  observed  for  the  single  virus  AdT- 
STA-FL  even  in  the  presence  of  Casodex  (Fig.  5). 


Discussion 

The  key  objectives  of  this  study  were  to  investigate  the 
regulation  of  the  TSTA  system  in  different  Ad  configura¬ 
tions  and  to  define  the  dynamic  range  of  this  system  in 
different  in  vivo  settings.  Published  and  ongoing  studies 
by  our  groups  have  demonstrated  that  TSTA  technology  is 
an  effective  approach  to  augment  the  activity  of  a  weak 
tissue-specific  promoter  [27,  28].  Our  goal  is  to  develop 
these  targeted  gene  expression  systems  for  diagnostic  and 
therapeutic  applications  in  clinical  settings.  Thus,  we 
have  incorporated  our  PSA  promoter-based  TSTA  system 
into  an  adenoviral  gene  delivery  vector.  Inserting  the  two 
components  of  TSTA,  the  activator  and  the  reporter  com¬ 
ponent,  into  a  single  vector  does  improve  the  functional 
efficiency  of  this  system  in  vivo.  In  fact,  the  activity  of  the 
first  single  vector  we  generated,  AdTSTA-FL,  is  quite  im¬ 
pressive,  as  its  activity  consistently  exceeded  AdCMV-FL 
in  all  AR-expressing  prostate  cancer  cell  lines  and  tumors 
tested  ([23]  and  this  study),  and  it  also  displayed  signifi¬ 
cant  prostate  specificity  in  cell  culture  studies,  achieving 
290-fold  or  higher  levels  of  tissue  discrimination  (Fig.  2a). 


AR-mediated  expression  is  a  critical  component  of  the 
PSA-based  promoter  in  the  TSTA  system.  We  utilized  the 
optical  signal  produced  by  AdTSTA-FL  in  tumors  to  mon¬ 
itor  the  dynamics  of  AR  function  during  prostate  cancer 
progression  [23]. 

To  understand  the  mechanism  of  activation  of  TSTA  in 
adenoviral  vectors  better,  we  examined  and  compared  the 
activity  of  single  and  separate  TSTA  configured  Ads.  The 
activity  of  this  TSTA  system  is  fully  dependent  on  the 
GAL4-VP2  activator  (Fig.  6).  A  second  interesting  finding 
is  that  despite  equivalent  promoter  (PSE-BC)  and  gene 
delivery  of  the  activator  in  the  single  and  separate  TSTA 
Ads,  the  single  AdTSTA-FL  consistently  expressed  an  ele¬ 
vated  level  of  GAL4-VP2  activator.  This  finding  indicates 
that  the  head-to-head  configuration  in  the  single  Ad  pro¬ 
motes  an  increase  in  GAL4-VP2  and,  hence,  FL  expres¬ 
sion.  This  result  could  also  contribute  to  the  slightly  ele¬ 
vated  basal  activity  mediated  by  AdTSTA-FL  in  androgen- 
depleted  cell  culture  medium.  We  hypothesize  that  a 
feedforward  loop  might  be  at  play  in  the  single  Ad- 
TSTA-FL.  A  schematic  illustration  of  this  idea  is  shown  in 
Fig.  7.  The  initial  expression  of  GAL4-VP2  (step  1)  is  F7 
regulated  by  the  PSE-BC  promoter.  In  step  2,  GAL4-VP2 
binds  to  the  GAL4  sites  and  activates  FL  gene  expression. 
However,  in  the  head-to-head  configuration,  the  multiple 
GAL4-VP2  activators  could  also  stimulate  transcription  in 
the  direction  of  the  PSE-BC  promoter  in  an  enhancer-like 
manner  (step  3),  further  enhancing  the  synthesis  of 
GAL4-VP2  (step  4).  The  feedforward  loop  leads  to  a  per¬ 
petuating  cycle  of  activator  production  that  exceeds  the 
natural  capability  of  the  PSE-BC  promoter.  This  phenom¬ 
enon  could  also  contribute  to  "leaky"  expression  in  non¬ 
prostate  cells  when  the  TSTA  vector  is  administered  at 
high  m.o.i.  From  these  results,  we  would  postulate  that 
functional  separation  of  the  activator  and  reporter  com¬ 
ponents  in  a  single  vector  might  achieve  tighter  regula¬ 
tion  of  the  TSTA  system. 


FIG.  7.  Schematic  representation  of  the  activation  mechanism  and  future 
designs  of  TSTA  Ads.  The  feedforward  loop  mechanism  postulates  that  GAL4- 
VP2  expression  is  upregulated  by  the  activator's  binding  to  the  designed  GAL4 
sites  in  a  self-activated  manner. 
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A  transcriptionally  targeted  gene  expression  approach 
[reviewed  in  45]  could  reduce  the  potential  side  effects  of 
Ad-mediated  cytotoxic  cancer  gene  therapy  such  as  that 
mediated  by  the  herpes  simplex  virus  thymidine  kinase 
(HSV-TK)  gene  [46],  After  intratumoral  injection  of  Ad 
constitutively  expressing  luciferase  or  other  reporter  gene, 
leakage  of  the  vector  into  systemic  circulation  resulted  in 
transgene  expression  in  the  liver  [26,47].  From  this  find¬ 
ing  liver  toxicity  can  be  anticipated  after  intratumoral 
injection  of  CMV-driven  HSV-TK  Ad  following  adminis¬ 
tration  of  the  prodrug  ganciclovir.  When  a  tissue-  or  can¬ 
cer-specific  promoter  is  employed  to  drive  HSV-TK,  the 
same  extent  of  vector  delivery  to  the  liver  is  expected  to 
occur.  However,  HSV-TK  expression  in  the  liver  will  be 
restricted  by  the  tissue-specific  promoter  and  therefore 
transgene-mediated  liver  toxicity  should  be  reduced. 

The  gene-expression  targeting  approach  employed  in 
this  study  will  not  alter  the  in  vivo  liver  distribution  ob¬ 
served  of  Ad5  [26,48].  This  preferential  Ad  transduction 
has  contributed  to  liver  toxicity  [48-50]  due  to  the  innate 
immune  response  to  viral  capsid  proteins  [51]  and  cell- 
mediated  immunity  against  viral  gene  products  [52,53]. 
Utilization  of  a  specific  promoter  to  drive  transgene  ex¬ 
pression  was  shown  to  reduce  both  the  immune  response 
against  the  Ad  and  the  associated  liver  toxicity  [54].  In 
addition,  the  potent  gene  expression  mediated  by  the 
TSTA  system  could  potentially  reduce  the  amount  of  vec¬ 
tor  needed  to  transduce  cancer  cells  in  vivo  compared  to 
nonamplified  tissue-specific  vectors.  Reducing  the  input 
dosage  of  Ad  has  been  documented  to  reduce  liver  toxic¬ 
ity  [49-52].  A  second  consequence  of  Ad  sequestration  in 
the  liver  [48,49]  is  that  viral  distribution  to  other  organs 
such  as  kidney  and  intestine  was  nearly  1000-fold  lower 
[55].  To  improve  in  vivo  gene  transduction  to  other  organs 
or  tumors,  many  studies  are  under  way  to  divert  the 
natural  adenovirus  tropism  away  from  the  liver  by  abla¬ 
tion  of  CAR-  and  integrin-mediated  interactions 
[48,55,56]. 

The  inability  to  detect  prostatic  expression  after  tail 
vein  administration  of  107  pfu  of  AdTSTA-FL  (Figs.  2b  and 
2c)  could  be  due  to  liver  sequestration.  We  have  detected 
FL  expression  in  the  prostate  after  intravenous  adminis¬ 
tration  of  1.8  X  109  pfu  of  AdPSE-BC-FL  [25].  The  AdT¬ 
STA-FL  is  estimated  to  be  about  50-fold  more  active  than 
AdPSE-BC-FL  [23,28].  However,  the  180-fold  lower  dosage 
of  AdTSTA-FL  used  in  this  study  compared  to  AdPSE- 
BC-FL  [25]  might  be  below  the  threshold  of  detection  for 
optical  imaging.  Moreover,  by  an  intraperitoneal  route  of 
vector  delivery  we  have  been  able  to  detect  specific  optical 
signals  in  the  prostate  (M.  Johnson  and  L.  Wu,  unpub¬ 
lished  data). 

The  mechanism  for  the  low  level  of  expression  ob¬ 
served  in  lung  tissue  is  unclear  (Figs.  2b  and  2c).  We 
speculate  that  there  could  be  transcription  factors  com¬ 
mon  to  both  lung  and  prostate  that  partially  contribute  to 
the  regulation  of  the  PSA  promoter.  For  example,  GATA 


zinc  finger  transcription  factors  have  been  shown  to  bind 
to  the  PSA  promoter  [57],  and  they  are  involved  in  lung 
development  [58]  and  transcription  of  lung-specific  pro¬ 
moters  [59].  A  large  family  of  Ets  transcription  factors 
could  also  participate  in  epithelial-specific  expression  in 
the  lung  and  prostate  [60-62].  Investigating  these  in¬ 
triguing  possibilities  might  lead  to  a  better  understanding 
of  tissue-specific  gene  regulation. 

It  is  quite  evident  that  the  TSTA  approach  can  amplify 
the  activity  of  many  other  weak  tissue-specific  promoters. 
Dr.  Gambhir's  group  has  demonstrated  that  the  activity  of 
the  hypoxia-inducible  VEGF  promoter  can  be  amplified 
[63].  A  similar  approach  has  been  employed  to  amplify 
the  carcinoembryonic  antigen  promoter  in  a  binary  ade¬ 
novirus  system  [64].  This  approach  exhibited  increased 
therapeutic  index  compared  to  constitutive  viral  RSV- 
driven  HSV-TK  suicide  gene  therapy  [64].  To  adapt  the 
TSTA  system  to  other  promoters,  it  will  be  necessary  to 
adjust  the  various  components  of  TSTA  (i.e.,  the  potency 
of  the  specific  promoter,  the  strength  of  the  activator,  and 
the  number  of  GAL4  sites)  to  achieve  optimal  regulation 
and  expression  dictated  by  the  specific  applications. 

The  modular  and  titratable  nature  of  the  TSTA  system 
also  makes  it  particularly  attractive  for  a  variety  of  gene 
therapy  applications  [28].  Transgene  levels  needed  to 
achieve  therapeutic  efficacy  in  different  gene  therapy 
strategies  might  vary  greatly;  for  example,  p53  tumor 
suppressor  expression  in  genetic  corrective  strategies 
might  need  to  be  higher  than  cytokine  expression  in 
immune-mediated  tumor  rejection.  The  various  adjust¬ 
able  constituents  of  TSTA  can  be  fine-tuned  to  achieve  the 
most  effective  and  least  toxic  therapeutic  result.  We  have 
shown  that  transcriptionally  targeted  Ad  (AdPSE-BC-luc) 
can  achieve  cell-specific  expression  to  localize  metastatic 
prostate  cancer  lesions  in  living  mice,  using  optical  CCD 
imaging  [26].  To  translate  this  finding  to  clinical  diagnos¬ 
tic  settings,  a  higher  energy  imaging  modality  will  be 
needed  to  circumvent  the  loss  of  optical  signal  observed 
with  increased  tissue  depth.  Positron  emission  tomogra¬ 
phy  (PET)  is  a  radionuclide  imaging  modality  widely  used 
in  clinical  settings.  Our  institution  has  acquired  substan¬ 
tial  experience  in  adapting  this  modality  to  gene-based 
imaging  in  small  animals,  using  the  HSV-TK  or  the  dopa¬ 
mine  type  2  receptor  reporter  genes  [29,30,65].  Compared 
to  optical  imaging,  PET  has  the  distinct  advantage  of 
providing  tomographic  quantitative  image  signals  and 
adaptability  for  human  imaging.  However,  optical  imag¬ 
ing  is  several  orders  of  magnitude  higher  in  sensitivity 
than  PET  in  small  animal  applications  [66].  Thus,  the 
highly  amplified  and  prostate-specific  expression  medi¬ 
ated  by  TSTA  will  likely  permit  the  development  and 
successful  implementation  of  gene-based  PET  imaging  to 
detect  metastasis  in  vivo. 

Many  of  our  studies  have  demonstrated  that  the  TSTA 
system  is  a  promising  tool  to  create  future  targeted  gene- 
based  diagnostic  and  therapeutic  applications.  With  an 
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in-depth  understanding  of  its  functional  properties  and 
fine-tuning  of  various  components  of  TSTA,  a  truly  safe, 
effective,  and  specific  treatment  can  be  developed  for 
metastatic  or  hormone-refractory  prostate  cancer. 


Materials  and  Methods 

Adenovirus  constructs.  AdCMV-FL  was  constructed  as  previously  de¬ 
scribed  [25,33].  The  single  AdTSTA-FL  and  separate  TSTA  Ads,  AdBC-VP2 
and  AdG5-FL,  were  constructed  with  the  AdEasy  system  [35].  The  head- 
to-head  fragment  of  activator  and  reporter  in  the  single  virus  was  derived 
from  PBCVP2G5-L  [28].  The  construction  of  AdTSTA-FL  has  been  previ¬ 
ously  described  [23].  A  Notl  fragment  containing  the  PSE-BC-driven  GAL4- 
VP2  expression  cassette  was  cloned  into  the  Notl  site  of  pShuttle  to  gen¬ 
erate  AdBC-VP2.  For  the  construction  of  AdG5-FL,  an  Asp7l8-Sall 
fragment  with  five  GAL4  binding  sites  upstream  of  the  minimal  adenovi¬ 
rus  E4  and  FL  genes  was  blunted  and  ligated  into  the  EcoRV  site  of 
pShuttle.  All  the  pShuttle  expression  plasmids  were  used  for  recombina¬ 
tion  with  pAdEasy-1  in  the  BJ5183  rec+  bacteria  strain  to  generate  the 
full-length  recombinant  virus-containing  plasmid.  The  viruses  were  prop¬ 
agated  in  293  cells,  purified  on  a  CsCl  gradient,  and  titered  by  plaque 
assays  on  293  monolayers.  Viruses  are  stored  in  10  mM  Tris-HCl,  1  mM 
MgCl2,  and  10%  glycerol  at  -80°C  until  use. 

Cell  culture  and  infection  studies.  The  human  prostate  cancer  cell  lines, 
LNCaP  and  LAPC-4,  were  grown  in  RPMI  1640  and  Iscove's  modified 
DMEM,  respectively,  and  supplemented  with  10%  fetal  bovine  serum  (FBS) 
and  1%  penicillin/streptomycin  solution.  PC-3,  Dul45,  HeLa,  MCF7, 
HepG2,  A549,  and  H157  cells  were  cultured  in  RPMI  1640  (Mediatech, 
Herndon,  VA)  with  10%  FBS  and  1%  penicillin/streptomycin.  For  FL 
assays,  the  cultured  cells  were  plated  onto  24-well  plates  at  5  x  104  cells 
per  well,  and  cells  were  counted  at  the  day  of  infection  to  calculate  m.o.i. 
For  prostate  cell  lines,  medium  was  replaced  with  10%  charcoal-stripped 
serum  for  2  days  prior  to  infection.  The  cells  were  infected  with  AdTSTA-FL 
or  co-infected  with  AdBC-VP2  and  AdG5-FL  at  certain  m.o.i.  Following 
infection,  the  synthetic  androgen  methylenetrienolone  (R1881;  NEN  Life 
Science  Products,  Boston,  MA)  or  anti-androgen  bicalutamide  (Casodex) 
was  added  to  samples  as  indicated.  At  48  h  postinfection,  the  cells  were 
harvested  and  lysed,  using  passive  lysis  buffer  (Promega,  Madison,  WI). 
Levels  of  FL  activity  were  measured  according  to  the  manufacturer's  in¬ 
structions  (Promega),  using  a  luminometer  (Berthold  Detection  Systems, 
Pforzheim,  Germany)  with  a  10-s  integration  time.  Each  value  was  calcu¬ 
lated  as  the  average  of  triplicate  samples. 

Real-time  PCR  was  performed  to  quantify  the  amount  of  intracellular 
viral  DNA.  HeLa,  MCF7,  HepG2,  HI 57,  A549,  and  LNCaP  cells  were  in¬ 
fected  with  AdG5-FL  at  m.o.i.  0.1  or  1  36  h  after  plating.  After  12  h,  cells 
were  harvested  and  lysed.  The  total  DNA  was  prepared  with  the  DNeasy 
Tissue  Kit  (Qiagen,  Valencia,  CA).  Opticon2  (MJ  Research,  Boston,  MA) 
real-time  PCR  was  performed,  using  these  DNAs  as  template  and  the 
DyNAmo  SYBR  Green  qPCR  Kit  (Finnzymes,  Espoo,  Finland).  The  viral  FL 
sequences  were  detected  by  the  following  primer  set:  FL-a  (5'-GAGAT- 
ACGCCCTGGTTCCT  G-3 ' )  and  FL-b  (5'-GCATACGACGATTCTGT- 
GATTTG-3').  Infectivity  was  calculated  based  on  the  copy  number  of 
internalized  viral  DNA  divided  by  cell  number.  The  relative  infectivities  of 
all  cells  are  in  reference  to  HeLa  cells,  which  were  set  as  1,  as  they  are  the 
least  susceptible  to  infection  among  the  cell  lines  we  tested. 

Animal  experiments  with  CCD  imaging.  Animal  care  and  procedures  were 
performed  in  accordance  with  the  University  of  California  Animal  Re¬ 
search  Committee  guidelines.  Eight-  to  ten-week-old  male  SCID  mice 
(ICRSC-M,  —25  g,  Taconic  Farms,  Germantown,  NY)  were  used  in  these 
studies.  Human  prostate  tumor  xenografts  were  generated  in  SCID  mice  as 
previously  described  [41].  The  LAPC-4  xenograft  was  originally  provided 
by  Dr.  Charles  Sawyers  at  UCLA.  We  passaged  the  tumor  by  implanting 
small  tumor  fragments  mixed  1:1  with  Matrigel  (Collaborative  Research, 
Bedford,  MA)  subcutaneously  into  the  flanks  of  male  SCID  mice. 

For  the  naive  mouse  experiments,  107  pfu  of  Ad  was  injected  via  the 


tail  vein  ( n  =  3).  In  vivo  expression  was  monitored  sequentially  over  time. 
For  the  LAPC-4  xenografts,  tumors  were  allowed  to  grow  for  3  weeks  prior 
to  injection  and  reached  a  diameter  of  approximately  1  cm.  AdBC-VP2  and 
AdG5-FL  (108  pfu  each)  or  AdTSTA-FL  (107  pfu)  was  injected  at  three  sites 
on  each  tumor  at  10  p.1  per  site  («  =  3).  Optical  CCD  imaging  was 
performed  at  the  indicated  days  postinjection.  Intraprostatic  injections 
were  performed  7  days  after  castration.  Both  castrated  and  noncastrated 
animals  received  injection  of  108  infectious  units  each  of  the  paired  TSTA 
Ads  or  106  infectious  units  of  the  single  TSTA  Ad  in  both  posterior  lobes  of 
the  prostate  (n  =  4  per  group).  For  each  imaging  session,  the  mice  were 
anesthetized  with  ketamine/xylazine  (4:1),  and  the  d-luciferin  substrate 
(150  mg/kg  in  PBS,  Xenogen)  was  given  intraperitoneally  at  a  volume  of 
200  |xl,  with  a  20-min  incubation  period  prior  to  imaging.  CCD  images 
were  obtained  using  a  cooled  IVIS  CCD  camera  (Xenogen,  Alameda,  CA), 
and  images  were  analyzed  with  IGOR-PRO  Living  Image  Software,  as 
described  [26,28],  in  units  of  photons  acquired  per  second  per  square 
centimeter  per  steridan. 

Western  blot  analysis  of  GAL4-VP2  expression.  LNCaP  cells  were  grown 
in  60-mm  dishes  and  infected  with  AdTSTA-FL  or  co-infected  with  AdBC- 
VP2  and  AdG5-FL  at  m.o.i.  0.21,  0.62,  1.9,  5.6,  16.7,  or  50  (threefold  serial 
dilution).  For  co-infection,  each  Ad  was  administered  at  the  m.o.i.  listed 
above.  Forty-eight  hours  later,  the  cells  were  harvested  and  lysed  with  RIPA 
buffer  (1%  NP-40,  0.1%  sodium  deoxycholate,  150  mM  NaCl,  and  50  mM 
Tris-HCl  (pH  7.5),  protease  inhibitor  cocktail  (Sigma,  St.  Louis,  MO)).  The 
samples  were  fractionated  on  8-16%  gradient  acrylamide  gels  (Gradipore, 
Frenchs  Forest,  Australia)  and  subjected  to  immunoblot  analysis  with 
rabbit  polyclonal  antibodies  generated  against  intact  GAL4-VP2  or  p-actin 
A5316  (Sigma).  Detection  was  done  by  visualization  of  bands  with  HRP- 
labeled  secondary  antibody  and  ECL  (Amersham  Pharmacia  Biotech,  Pis- 
cataway,  NJ). 
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